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PREFACE 
An existing experimental apparatus was modified for the 
determination of bubble point.pressures for binary mixtures 
of methane , in paraffinic_, , naphthen i c, and aromatic so 1 vents 
at temperatures from 311 to 433 K and pressures to 113 bar. 
Precise bubble po1nt data were obtained for methane binaries 
involving n-C1o, n-C2o, n-C2a, n-C3&, n~C44, cyclohexane, 
t-decalin, benzene, naphthalen~, phenanthrene, and pyrene. 
The solvents n-C2o, n-C2a, n-C3&, n-C44, naphthalene, 
' 
phenanthrene, and pyrene are s'oljd at room temperature. 
,, 
Correlative efforts for.methane· + n-paraffins (C3 and above) 
' ' ' 
and methans + naphthenes and aromatics included: (1) Interac-
'' ' 
tion parameters were determined for Soave-Redlich-Kwong (SRK) 
and Pang-Robinson (PR) equatfions of state using least squares 
regression of bubble point press~re data. (2) Several 
generalization schemes have been implemented for the SRK and 
PR interaction parameters in terms of pure hydrocarbon 
properties to extend the predictive capabil'fties of these 
'' 'r ' 
equations to binary mixtures of methane + hydrocarbon 
solvents. (3} The new data and- ~he data found in the 
literature were analy~ed using the Krichevsky-Kasarnovsky 
model. This provided estimates of Henry's constants and 
infinite-dilution partial molar volumes of methane and 
demonstrated the internal consistency of the acquired data. 
iii 
I wish to extend my sincere thanks and expressions of 
gratitude to Professor R. L. Robinson, Jr. for his advice, 
support and for the privilege of working under his 
supervision. His intelligent guidance, author1tative 
knowledge ~nd depth of experience have significantly 
contributed-to the comple~ion of this study. 
' ' 
I would also like to thank and recognize Professor K. A. 
M. Gasem for the sacrifices he made during all phases of this 
study. He has proved indispensable as a guide and a mentor. 
Thanks are a 1 so extended to my. a.dv.i,sory committee members 
Professor J. Wagner and Professor B. Ackerson for the time 
they spent in reading and crit'i'cizing this thesis. 
Needless to ~ay, this study was influenced by numerous 
contributions of so many, to those, to my teachers through 
the years, to my colleagues and to my friends goes my deepest 
sense of appreciation and indebtedness. 
' 
My greatest appreciation, thanks, and love go to my 
brothers: Abu Anas, Abu Malik, and Abu Jasim for their 
continued financial and moral support throughout the years. 
My greatest appreciation and love go to my wife, for her 
patience and understanding, and to my children who make it 
all an enjoyable e~perience. 
Financial support was gratefully received from the U. S. 
Department of Energy. 
Most of all, to my mother' who wanted this more than I, 
!'dedicate this humble work in reqognition of her sacrifices 








TABLE OF CONTENTS 
Page 
INTRODUCTION ...................... ~ .......... . 1 
Prob 1 em and Importance .. -..... : . . . . . . . . . . . 1 · 
Scope of the .Present Study . . . . . . . . . . . . . . . 2 
Organization of the Thesis .. ~ .... · ..... _... 4 
LITERATURE REVIEW ..... , ............... , ........ . 5 
' Experimental Data ..• ~.................... 5 
Exp~rimental' Apparatus ......•...•.... -..... 6 
A BRIEF REVIEW' OF BASIC PRINCIPLES 
IN PHASE '~QUILIBRIA .. :: .•..••..•.............. 10 
Phase Equilibrium Problem .... ~........... 10 
SRK and PR Equati?ns ·of State............ 13 
EXPERIMENTAL APPA~ATUS, ·USED IN .THIS STUDY ..... 15 
Equi 1 i brium Ce'll . . . . . . . . . . . . .. . . . . . • . . . . . . 19 
Injection Pumps .... ·....................... 21 
Constant Temperature. Baths ........... ·. . . . 21 
Pressure Measurements ........... :........ 22 
Vacuum System ....•.................. ~.... 22 
Storage Vesse1s .. :.~...................... 23 
Fitting·, Tubing, and ,Valves.............. 23 
Chemicals .. · .... ~......................... 24 
EXPERIMENTAL PROCEDURES ...................... . 28 
Apparatus CJ ean-~'p . .'. . . • • . . . . . . . . . . . . . . . • 28 
Cleaning of Equilibrium Cell ........... 29 
Cleaning of Solvent Storage Cell (SV1) 32 
Solvent Preparation,...................... 35 
Filling the Storage Vessel ..........•. 35 
Degas~i~g Procedure :................ 36 
Solvent and Solute Injections............ 37 
Solvent Injection ............•........ 37 
Solut'e Injection· . . . . • . • . . . . . • • . . . . . . . • 39 
Bubble Point Determination ............... 41 
Calibrati~n of Pressure Transducers...... 43 
Pressure Testing . ... . . . . . • . . . . . . . . . . . . . . . . 45 
v 
TABLE OF CONTENTS (C0NTINUED) 
Chapter 
VI. BINARY VAPOR-LIQUID PHASE EQUILIBRIUM 
FOR METH~NE +HEAVY NORMAL PARAFFINS ....•..... 
Abstract .................................. . 
Introduction ............................ . 
Ex peri menta 1 Section" ................. ~ ... . 
Apparatus ~nd Proced~~e .............. . 
Mater i a 1 s ....•..•......... ' ......•..... 
Results-and Discussions ..............•... 
Equilibrium Data •....•....•.•......... 
. -Equation of State Data Correlation .... 
Krichevsky-Kasarnovsk.y Analysis ...•... 
Cone 1 us ionS ...... · ..... ~~ ................. . 
L is't of Symbols ~ ..... ~ ............ ·....... . 
References ............... , ............... . 
~List of Tables .. -'· ...................... . 

















VII. BINARY VAPOR-LIQUID PHASE EQUILIBRIUM FOR 
METHANE + CYCLOHEXANE AND METHANE + TRANS-
VIII. 
DECAL IN •••••••••••••• ,, •••••••••••••••••••••••• 
' ' Abstract' ......... · ....................... . 
Introduct'i on ............................. 
Experimental Section .......... : ......... . 
Apparatus and Procedure ....•.......... 
Materia 1 s ............................ . 
Resu 1 ts' and D i scu.ss ions .. _ ............... . 
Cone 1 us 1 ons . ~ ........................... . 
ReferenCes ........ '· ..................... . 
L i s t of Tab 1 es ...••..........•.....•..... 
List of Figures ... .'.t ••••••••••••• • •• • • • • • 












FOR METHANE+ AROM~TIC SOLVENTS ............... 134 
Abstract ........... , . . . . . . . . . . . . . . . . . • . . . . . 1 34 
In.troduct ion .. '• ................... ·. . . . . . . . 135 
Experimental s·ection ......... '. ", ... : .... :. . 136 
Apparatus and Procedure ............... 136 
Mate r_i a 1 s . . . . • • . • . • . . . • . . . . . . • . . . . . • . . 1 36 
Results and 'Discussions .. -................ 137 
Krichevsky-Kasarnovsky Analysis ....•.. 140 
Cone 1 us ions . . . . . . . • . • . . . . . . . . . . . . . . . . . . . • 141 
List of Symbols .......... .'............... 142 
References .........•...........•......... 143 
List of Tables ........................... 145 
List of Figures . . . . . . . . • • . . . . . . . . . . . . . . . . 146 
vi 
TABLE OF CONTENTS (CONTINUED) 
Chapter Page 
IX. CORRELATION OF METHANE SOLUBILITIES IN NORMAL 
PARAFFINIC, AND AROMATIC SOLVENTS ....•.•...... 169 
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 
Introduction ..... ~........................ 170 
Databases_ Used . . . . • . . . . . . . . . . . . . . • . . . . . . • 1 71 
Methane + n-Paraff ins . . . . . • . . . . . . . . . . . 1 71 
Methan~ +Aromatics ..........••....... 172 
SRK and PR Equations of State •....•...... 172 
Data Reduction Procedure .....•........... 175 
Model Evaluation . . • . . . . . . . . . . . . . . . . . . . . . . 176 
Gener_al ization of Interaction 
Parameters- ( C1 J ) ••••••••• ; • • • • • • • • • • • • • • • 179 
Discussion ............................... 182 
Cone 1 us 1 ons .................. II • • • • • • • • • • • 184, 
List of Symbols ..•...................•... 185 
References .................... , . . . . . . . . . . . 186 
List ,of Tables ...... ~················~··· 189 
X. CONCLUSIONS AND RECOMMENDATIONS .....•...•....• 203 
Cone 1 us ions ...... '·. . . . . . . . . . . . . . . . . . . . . . . . 203 
Recommendations ... '. . • . . . . . . . . . . . . . . . . . . . • 205 
LITERATURE CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 
APPENDIXES 
APPENDIX A 
a • • • • a a a • • a a a • a ana • • a a a • • a a a a a a a a a a a a a a a a a 212 
ANALYSIS OF EXPERIMENTAL ERRORS ....... . 213 
Systematic Error~· ...•....•............... 213 
Instrumental Consistency Tests ........ 214 
External Reproducibility Tests ........ 214 
Self-Consistency Tests ................ 216 
Random Errors . . . • . . . . . . . . . . . . . . . . . . . . . . . . 216 
Expected Uncertainty in Mole Fraction .... 217 
Expected Uncertainty in Bubble Point 
Pressure .................. ~ ........ , ...... ~ 219 
APPENDIX B DENSITIES OF SOLVENTS USED IN THIS 
STUDY . . . . . • . . . . • . . • . . . • • . • . . • • • • . . . • • . • 229 
APPENDIX C UNCERTAINTY IN METHANE DENSITY ......... 230 





I. Experimental Data for Methane + Hydrocarbons Used 
for Comparison Purposes in This Study. 9 
CHAPTER IV 
II. Purities and Suppliers of Chemicals Used in This 
Study. 25 
CHAPTER VI 
I. Solubility Data for Methane in n-Decane ( n-c1 o ) • 65 
II. Solubility Data for Methane in n-Eicosane ( n-C2 o ) • 67 
III. Solubility Data for Methane in n-Octacosane 
( n-c2 a ) • '''J 68 
IV. Solubility Data for Methane in n-Hexatriacontane 
( n-C3 e ) • 69 
v. Solubility Data for Methane in n-Tetratetracontane 
( n-C4 4 ) . >! 70 
VI. Critical Properties and Acentric Factors Used in 
the SRK and PR Equ•tions'af.State. 71 
VII. SRK and PR Equation-of-State Representations of 
Solubility of Methane in n-Decane. 72 
VIII. SRK and PR Equation-of-State Representations of 
Solubility of Methane in n-Eicosane. 73 
IX. SRK and PR Equation-of-State Representations of 
Solubility of Methane in n-Octacosane. 74 
X. SRK and PR Equation-of-State Representations of 
Solubility of Methane in n-Hexatriacontane. 75 
XI. SRK and PR Equation-of-State Representations of 
Solubility of Methane in n-Tetratetracontane. 76 
viii 
LIST OF TABLES (Continued) 
Table 
XII. Henry's Constants and Infinite-Dilution Part1al 
Molar Volumes for Methane in n-Paraffins 
Page 
(n-C1o to n-C44). 77 
CHAPTER VII 
I. Solubility Data for, Methane in Cyclohexane. 115 
II. Solubility Data for Methane in t-Decalin. 117 
III. Criti~al Properties'and Acentric Factors Used in 
the SRK and PR Equations of State. 118 
IV. SRK and PR Equation-of-State Representations of 
Solubility of Methane in Cyclohexane. 119 
V. SRK and PR Equation-of-State Representations of 
Solubility of Methane in t-Decalin. 120 
' 
CHAPTER VIII 
I. Solubility Data for Methane. in B'enzene. 147 
II. , Solubility Data for Methane in Naphthalene. 149 
III. Solubility Data for Methane in Phenanthrene. 150 
IV. Solubility Data f9r Methane in ·pyrene. 1~1 
V. Critical Properties and Acentric Factors Used 1n 
the SRK and PR Equations of State. 151 
VI. SRK and PR Equat~on-~f-State Representations of 
Solubility of Methane in Benzene. 152 
VII. SRK and PR Equation-of-State Representations of 
Solubility of Methane in Naphthalene. 153 
VIII. SRK and PR Equation-of-State Representations of 
Solubility of Methane in Phenanthrene. 154 
IX. SRK and PR Equation-of-State Representations of 
Solubility of Methane in Pyrene. 155 
X. Henry's Constants and Infinite-Dilution Partial 
Molar Volumes for Methane in Aromatic 
Hydrocarbons. 155 
ix 
LIST OF TABLES (Continued) 
Table Page 
CHAPTER IX 
I. Experimental Data for Methane + n-Paraffins 
Used in This Study · 190 
II. Experimental Data.for Methane+ Aromatics Used 
in This Study 191 
III. Fluid Critical ~roperties Used in SRK EOS 
Predictions 192 
IV. Specific Cases for Interaction Parameters 
Used in the EOS Mode 1 Eva 1 u'at ion 193 
v. Summary of Results for Model Evaluation for 
Methane+ Hydrocarbons.Using the SRK EOS 194 
VI. SRK EOS Optimum Interaction'. Parameters 
for Methane + n-Paraffins 195 
VII. SRK EOS Optimum. Int·eraction Parameters· for 
Methane + Aromat)c·Hydrocarbons 197 
VIII. Specific Cases for Generalization of 
Interaction Parameter, Cij, in SRK and PR EOS. 198 
IX. Summary of Results for-Model Generalization of 
Methane + Hydrocarbons Using the SRK and PR EOS 199 
X. Coefficients of Cij and m Generalized Polynom1als 
for Different Cases of Gener~lizations 200 
APPENpiXES 
A-1. Vapor Pressure Measurements. 222 
A-2. Solubility Data for Carbon Dioxide+ Benzene and 
Carbon ·Dioxide + n-Hexatr·,a:contane. 223 
A-3. Typical Volumes of Methane Injected to Yield the 
Average.Mole Fraction of:the Corresponding Isoth-
erm, Along with_the Uncertainty in Mole Fraction 
as Computed from Equation (A~8). 224 
A-4. Reproducibi1ity of the Bub~l~ Poi~t ·Determination. 225 
A-5. Uncertainty in Bubble Point Pressure of Methane 
Binary Systems Estimated at the Average Composition 
of the Corresponding Isotherm. · 225 
.X 
LIST OF TABLES (Continued) 
Table Page 
B-1. Densities of Solvents Used in This Study. 229 
D-1. Typical Calibration Corrections for the Pressure 
Transducer (PT1). 236 
' : 
xi 
LIST OF FIGURES 
Figure Page 
CHAPTER IV 
1. Schematic Diagram for the-Bubble Point Apparatus. 26 
2. Details of.Vacuum System. ·27 
CHAPTER V 
3. Graphical -Determination of Bubble Point Pressure. 47 
CHAPTER VI 
1. Bubble Poin~ Pressure Data for Methane+ n-Decane. 79 
2. Bubble Point Pressure Data for Methane·+ n-Eicosane. 80 
3. Bubble Point Pressure Data for Methane + 
n-Octacosane. 8,1 
4. Bubble Point Pressure Data ·for Methane + 
n-Hexatrlacontane. 82 
5. Bubble Point Pressure pata for Methane + 
n-Tetratetracontane. 83 
6. Bubble Point· Pressure Data for Methane + 
n-Paraffins at 212°F. 84 
7. Sensitivity of Optimized C;J and.Corresponding RMS 
Errors in Mole Fracti.on to D;J fo.r Methane+ 
n-Eicosane at 212°F. 85 
'' 
8. Comparison of Methane Solubilities in n-Decan~ at 
100° F. 86 
9. Comparison of Methane Solubi'litfes in n-Decane at 
160o F. 87 
10. Comparison of Methane' Sol'ubi 1 ities in n-Decane at 
220° F. 88 
11. Comparison of Methane Solubilities in n-Decane at 
280°F 89 
xii 
LIST·OF FIGURES (CONTINUED) 
Figure Page 
12. Comparison of Methane Solubilities in n-Decane for 
Studies Performed at Temperatures Different from 
the Present work. 90 
13. Comparison of Methane Solubilities in n-Decane 
Using Lumped Parameters, C;j and D; j , of the 
Present work. 91 
14. Comparison of Methane Solubilities in n-Eicosane. 92 
1 5 . Comparison of Methane Solubilities in n-Octacosane. 93 
16. Comparis.on of Methane Solubilities in n-Hexatria-
contane. 94 
17. Comparison of Methane Solubilities in Y)-Tetratetra-
contane. 95 
18. Soave Interaction Parameters, Cij and Dij, for 
Methane + n~Paraffins at 212dF, 96 
19. Soave Interaction Parameter, Cij and Corresponding 
RMS Errors for Methane + n-Paraffins at 212°F. 97 
20. Soave Interaction Parameters, Cij and Dij, for 
Methane + n-Paraffins. 98 
21. Soave Interaction Parameters, Cij, for Methane+ 
n-Paraffins. 99 
22. Comparison of Henry's·Constants of Methane in 
n-Decane. 100 
23. Comparison of Henry's Constants of Methane 1n 
n-Paraffins. 101 
24. Comparison of Infinite~Dilution Partial Molar 
Volumes of Methane in n-Decane. 102 
25. compar1son of Infinite-Diluti~n Partial Molar 
Volumes of Methane in n-Paraffins. 103 
CHAPTER VII 
1. Bubble Pqint· Pressure Data fqr Methane+ 
Cyclohexane. 121 
2. Bubble Point Pressure Data for Methane+ t-Decalin. 122 
xiii 
LIST OF FIGURES (Continued) 
Figure Page 
3. Bubble Point Pressure Data for Methane + Cyclohexane 
and Methane + t-Decalin at 212°F. 123 
4. Comparison of Methane Solubilities 1n Cyclohexane. 124 
5. Comparison of Methane Solubilities in Cyclohexane 
Using Lumped Parameters of This Work. 125 
6. Comparison of Methane Sol~bilities in t-Decalin. 126 
7. Soave Interaction Parameters, Cij- and O;j, for 
Methane + Cyclohexane. 127 
8. Soave Interaction Parameter, C~j, and Cor~esponding 
RMS Errors for Methane + Cyclohexane. 128 
9. Soave Interaction Parameters, C; j. and .D; j , for 
Methane + t-Deca 1 in-. 129 
10. Soave Interaction Parameter:·, C;j, and Corresponding 
RMS Errors for Methane + t-Decalin. 130 
11. Sensitivity of Optimized C;j and Corresponding RMS 
Errors in Mole Fraction to D;j for Methane+ 
Cyclohexane. 131 
12. Sensitivity of Optimized C;j and Corresponding RMS 
Errors in Mole Fraction to· Dij for Methane+ 
t-Decalin. 132 
13. Soave Interaction Parameter, C;j, for Methane + 
Cyclohexane and Methane+. t-Decalin. 133 
CHAPTER VIII 
1. Bubble Point Pressure Data for Methane+ Benzene. 156 
2. Bubble Point.Pressure Data for Methane+ Aromatic 
Hydrocarbons. · 157 
3. Soave Interaction Parameter, Cij (T), for Methane+ 
Aromatic Hydrocarbons. 158 
4. Soave Interaction Parameter, C;j, for Methane + 
Aromatic Hydrocarbons. 159 
5. Comparison of Methane Solubilittes in Benzene (a). 160 
6. comparison of Methane Solubilities in Benzene (b). 161 
xiv 
LIST OF FIGURES (Continued) 
Figure Page 
7. Comparison of Methane Solubilities in Phenanthrene. 162 
8. Prediction of Bubble. Point Pressures of Methane in 
Phenanthrene Using the SRK Equation of State. 163 
9. Predi~tibn of Bubble Point Pr,ssures of Methane in 
Naphthalene Using the $RK Equation of State. 164 
10. Prediction Me~han~ Solubflities in Na~hthalene Using 
the SRK Equation of State. 165 
11. Prediction of Butible Point Pressures and Solubility 
of Methane in Pyrene Using the SRK Equation of 
State. 166 
12. Comparison of Henry's Constants of Methane in 
Aromatic Hydrocarbons. 167 
13. Comparison of Infinite-Dilution Partial Molar 
Volumes of Methane· in Aromati~ Hydrocarbons. 168 
CHAPTER IX 
1. Effects of Reduced Temperature and Solvent 
Molecular Size on the Optimized Beta Parameter 
in the SRK EO~ 201 
2. Molecular Size Effects on Generalized-Parameter SRK 
EOS Prediction for Methane + n-Paraffins 202 
APPENDIXES 
A-1. Comparison of Carbon Dio~ide Solubilities in 
Benzene at 104°F. 226 
A-2. Comparison of Carbon Dioxide Solubilities in 
n-Hexatriacontane at -2~2°F. 227 
A-3. Bubble Point Pressure Data for Carbon Dioxide + 
n-Hexatriacontane at 212°F. 228 
C-1. Percentage Uncertainty in Methane Density at 50°C. 232 
D-1. Simplified Diagram Showing Necessary Corrections 




Problem and Importance 
This study is concerned>'with the experimental determina-
tion of the solubility of methane iri a number of hydrocarbon 
solvents, i.e., given·the temperature and pressure of a 
certain binary mixture involving methane (e.g., CH4 + n-C1o), 
the objective is to find the concentration (e.g.,-mole 
fraction) of methane dissolved in the liquid phase. 
Phase equilibrium information (e.g., solubility in this 
case) is essential in many chemical engineering operat~ons. 
Numerous separation processes such as distillation, 
absorption and extraction involve the transfer of chemical 
species between coexisting liquid and vapor phases. Rational 
design, operation, simulation, and optimization of su~h 
processes require the knowledge ,of equilibrium compositions 
of the existing phases over wide ranges of operating 
conditions of pressure and temp~rature. In the absence of 
reliable theoretical predictions, one has to resort to 
experimental data or to thermodynami~ correlations derived 
from such data. Although multicomponent data are reported 
from time to time, the general practice is to investigate 
binary systems and· estimate the behavior of multicomponent 
1 
systems on the basis of knowledge for the constituent 
binaries. 
2 
The study of phase equilibria for systems involving 
methane is motivated in part by interest in alternative 
fuels, especially, in view of price fluctuations and gradual 
depletion of light, high-quality crude oil. Alternative 
fuels include heavy crude oil, coal liquids, shale oil, and 
tar sands. The molecules in coal-derived fuels tend to be 
larger, more aromatic, and contain more oxygen, nitrogen, and 
sulfur than those'in light crudes. During the initial stages 
of processing these heavy fossil fuels (e.g., dissolut1on of 
coal in a coal-derived recycle solvent), ·many light gases, 
such as CH4 , CO, C02 , H.2 S, H2 0, NH3 , and C2 -Cs , are produced 
thus creating a strong economic .incentive for d~veloping 
reliable thermodynamic data base for use in design and 
processing. An accurate and prec1se data base is also 
indispensable in testing, evaluating and developing solut1on 
theor1es. Binary m1xtures of methane in heavy solvents, from 
the theoretical point of v1ew,, represents an attr·act1ve area 
of research because of the high nonideality of such mixtures 
which is a manifestation of ~he large difference in molecular 
size of the species involved. 
Scope of the Present Work 
The object1ve of the present work was to study, both 
experimentally and theoretically, the solubility of methane 
gas in systematically chosen sets of paraffinic, naphthenic, 
and aromatic hydrocarbons. 
Experimentally, the object1ves were twofold: flrst, 
modification of an existing apparatus to accommodate methane 
systems and second, determination of methane solub1l1ties 
(over the temperature range 100-320°F and mole fraction 
' < 
range of 0.0-0.3) in-the following sets of hydrocarbons: 
Paraffins: n-decane (n-C1o), n-eicosane (n-C2o), n-octaco-
sane Cn-C2s), n-hexatriacontan~ (n-C3e) and 
n-tetratetracontane (n-C4~). These paraffins, 
except n-decane, are solid at room temperature. 
Naphthenes: Cyclohexane and trans-decalin, wh1ch are liqu1ds 
at room temperature. 
Aromatics: Benzene, naphthalene, phenanthrene, and pyrene. 
These aromatics, except benzene, are solid at 
room temperature. 
3 
These experiments were designe.d to investigate the effects of 
molecular size of the solvent on methane solubllity and on 
our pred1ctive abilities. 
Our experimental data together w1th the available 
literature data were analyzed using Soave-Redllch-Kwong (SRK) 
and Pang-Robinson (PR) equations of state. ·Interaction 
parameters, C;j and O;j, for the SRK and the PR equations of 
state were obtained for the systems ~nalyzed. The obJeCtlves 
here were to test the ability of cubic equations of state 
(EOS) 1n representing the experimental results and to explore 
the potentials of cubic EOS generalized predictions. 
4 
Organization of the Thesis 
Chapter II describes the previous experimental work 
pertinent to the present study. Two areas of interest are 
reviewed briefly: high pressure experimental methods and 
experimental vapor-liquid equilibrium~data involving methane 
and heavy hydrocarbons. The fundamental concepts in phase 
equilibrium p~oblem, tog~ther with SRK and PR equat1ons of 
state are reviewed in Chapter III. In Chapters IV.and V, a 
detailed description of the modif1ed apparatus and the 
experimental procedures used are presented. Presentat1on and 
analys1s of our e~perimental data is the top1c of Chapters 
VI, VII, and VIII., Correlations of methane solubil1ties in 
paraffins and other hydrocarbons~ are presented in Chapter IX. 
Analyses of systematic and random errors, together with the 
expected uncertainty in the measured values of the 
observables, are presented in ~ppendix A. In preparing this 
thes1s a manuscr1pt format was followed. in writing cha~ters 
VI-IX, therefore, each of these ~~~pters 1s a separate ent1ty 
having its own tables, figures, symbols and references. 
CHAPTER II 
LITERATURE REVIEW 
A comprehensive literature survey was conducted 
concerning th~ solubility of m~thane ~n hydrocarb~ns. The 
survey included Chemical Abstracts, Engineering Index, major 
data compilations such as that by Wichterle, et al. [1], and 
several specialized journals. The literature has been 
followed carefullY for new contributions to the subject. 
Two distinct areas concerning 'this study will be reviewed 
briefly in this chapter: (1) experimental vapor-liquid 
equilibrium (VLE) data involving binary mixtures of methane 
in hydrocarbons, and (2) experimental apparatus which have 
been used in VLE data'acquisition. 
Experimental Data 
Vapor liquid equilibria data of methane + hydrocarbons 
are of interest in a number of industrial processes, such as 
processing of petroleum product~, and production ·of coal 
liquids. While several investigators [1-5] have compiled 
references for VLE data on methane+ light hydrocarbon 
mixtures, data are scarce for systems involving methane and 
heavy hydrocarbon solvents which are solid at room 
temperature. At the inception of this w6rk, no studies 
5 
6 
(pertinent to our need) were found 1n the l1terature dealing 
with the binary solubility of methane 1n any of the following 
heavy hydrocarbon solvents: n-tetratetracontane (n-C44), t-
decalin , naphthalene, phenanthrene and pyrene. More 
recently, however, Malone and Kobayashi [6], reported binary 
VLE data involving ·methane + phe~anthr~ne. L1terature 
sources available on binary systems investigated 1n this 
study, which are su1table for comparison purposes, are 
presented in Table I. A speci~ic literature set of binary 
VLE data on methane+ hydrocarbons will be cons1dered later 
(Chapter IX), when an attempt to generalize the equat1on-of-
state interaction parameters will be made. 
Experimental Apparatus 
In the last few years, different techniques for 
experimental invest1gation of high pressure phase equilibria 
have been proposed. A reVie~ ~overing the 1970s is g1ven by 
' ,, 
Eubank et al. [7] and a more recent review 1s given by 
Fornari [4]. 
', 
The experimental techniques used in VLE determinations 
can be classified, according to the method employed to 
determine compositions, as analytical and·synthetic. 
Analytical techniques require analys1s of coexisting 
phases following atta1nment of equilibrium. These could be 
further categorized accord1ng to the methodology of attaining 
equilibrium as static [8,18,9], cont1nuous flow [10,11], and 
circulation methods [12,13,14]. The latter two are dynam1c 
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methods. 
Synthetic techniques involve an ind1rect determination 
of equilibrium compositions without sampling, so the 
difficulties related to sampling process are avoided . . 
Recently ana1yiic •nd synthet1c m~thods were used incorporat-
ing the capacity for' visual obseFvations of phase behav1or 
where phase separation can be observed directly [15]. 
The experimental tech~ique used in this study is a 
synthet1c one. The bubble point pressure of a synthet1cally 
prepared binary mixture is identified graphically ut1liz1ng 
the discont1nu1ty in compressibil1ty of tbe m1xture as the 
mixture crosses the liquld-vapor phase boundary [18]. This 
method, therefore,· consists of the 1ritroduction of known 
amounts of well-degassed pure components into a variable-
volume thermostated equilibr1um cell. The bubble point 1s 
established by ident1fying the break point in a pressure-
volume curve. Reported methods for varying the volume 1n the 
equilibrium cell include the use ~fa p1ston-cyl1nder 
assembly [16] and the use of m~rcury as an incompress1ble, 
involatile fluid p1ston [17]. The latter, used in this 
study, is more suitable, for high pressure, high temperature 
operations since pi'ston.:..cylinder -assembly is more vulnerable 
to leak problems due to thermal stresses. 
Mechanical agitation of the cell contents is required 
to ensure attainment of equ1libr1um in a reasonable time. 
Several methods employed to accomplish th1s include rocking 
the equilibrium cell [18] and'magnetlc stirring [19]. 
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The mixing mode used in this study was rock1ng the cell 
from 45°below the hor1zontal level to 45°above horizontal 
level. The m1xing was enhanced further' by steel balls 
contained inside the cell. 
Table I 
Experimental Data for Methane + Hydrocarbons 
Used for Comparison Purposes in This Study 
System Temp. Range CH-4 Mole Reference 
(oF) Fract.ion Range Number 
CH-4 + n-C1o 320 - 460 0.10 - 0.40 20 
77 - 302 (;).03 - 0.30 21 
100 - 280 0.00 - 0.32 22 
100 - 220 0.05 - 0.44 23 
CH4 + n-C2o 212 - 392 0.05 - 0.20 24 
CH4 + n-C2a 212 - 392 0.05 - 0.25 25 
CH4 + n-Cse 212 - 392 0.06 - 0.27 26 
CH4 + 100 .- 220 0.10 - 0.30 27 
Cyclohexane 100 - 220 0.37 _, 0.45 28 
70 - 240 0.04 -· 0. 30 29 
CH4 + Benzene 298 - 442 -o. 03 - 0.25 30 
100 0.20 - 0.53 31 
100 - 220 0.18 - 0.28 32 
150 0~01 - 0.21 33 
104 0.10 - 0.37 34 




A BRIEF REVI,EW OF BASIC PRINCIPLES 
IN PHASE EQUILIBRIA 
The vapor-liquid phase equilibrium problem is reviewed 
briefly in this phapter with emphasis on the use of equations 
of state for both phases. For a more comprehensive treatment 
of the subject, reference could be made-to fundamental texts 
on phase equilibria, in particular Van Ness and Abbott [36], 
Prausnitz [37], Prausnitz et al. [38], Chao and Robinson 
[39,40], Chao and Greenkorn [41], and Walas [42]. 
Phase Equilibrium Problem 
When two phases containing N nonreacting chemical 
species are in equilibrium~ the phase rule dictates that only 
N out of the 2N intensive variables (Temperature, ); 
Pressure, P; and N-1 mole fractions for each of the two 
phases) are independent and have to be specified for a full 
description of the system. The remaining N variables can be 
determined, in principle, by simultaneous solution of N 
equilibrium relations which can be stated as 
f; v = f; 1 (i = 1, 2, 3, ••. , N) ( 1 ) 
where f;v and f;l are the fugaciti.es of component i in the 
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vapor and the liqu1d phases, respectively. Thus the solut1on 
of an equilibrium problem 1s reduced to- the evaluation of 
fugacities (which have temperature, pressure and compos1tion 
as the natural independent variables) of individual species 
in the coexisting phases. To evaluate fugacities 1n Equat1on 
1, there are two basic thermodynamic procedures. 
In the first alternative, an equation of sta~e 1s 
assumed to be applicable to both phases and 1s used to 
evaluate f;v and f;l. In general, an equation of state, as 
referred to here, is an analytical expression that represents 
relations among volumetric properties, P, T, V for pure 
species and mixtures. In functional form this relation is 
f(P,V,T,x) = 0 (2) 
Usually, either P and T or T and V are chosen as independent 
var1ables of the equat1on of state, a·nd V or P, respec'tively, 
is used as the dependent variable. Depending on this cho1ce, 
the general algebra1c forms of the derived quant1ties like 
fugacity are different, as discussed elsewhere [37]., W1th T 
and V as independent variables, the fugacities of species i 
can be evaluated from the exact thermoqynamic relation [37] 
RT ln(f;/x;P) =JV[(~P/dn; )T,v,nj - RT/V]dV- RT ln(Z) 
~ (3) 
where R is the gas constant, Z is the compressibility factor 
and n; is the number of-moles of species i. The terms 
(dP/dn; )r,v,nJ and Z are evaluated using the equation of 
state. 
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In the second alternative, vapor phase fugacities are aga1n 
evaluated from an equation of ~tate, but for the liqu1d phase 
fugacities, an auxiliary function, activity coefficient, Ai, 
is defined so that 
(4) 
where f; 0 is the (standard state) fugacity ~f spec1es i at 
the system temperature and a certain standard pressure. In 
principle, the use of equation of ~tate for both phases has 
several advantag~s over the activity coefficient method. 
With the equation of state approach; the need for standard 
states (which is often troublesome for systems containing 
non-condensable components) is eliminated. Continuity at the 
critical point is guaranteed sin~e the same algebraic 
equation is used for both phases. All necessary thermodynam-
ic relat1ons may be derived from the same model. However, 
this method is not free from limitat1ons, since it requ1res 
an equation of state Which accurately represents VOlumetr1C 
propert1es of both liquid a~d vapor phases throughout the 
ranges of temperature, pressure, and composit1on of 1nterest. 
Also, extensions of equations of state to mixtures are not 
always successful, since most of them are quite sensit1ve to 
cmixing rules. 
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SRK and PR Equations of State 
Two equations of state used widely 1n industry are the 
Soave-Redlich-Kwong (SRK) and Pang-Robinson (PR) equations 
which are explicit in pressure, P, and cubic 1n volume, v. 






a(T) = aca(T) 
a(T) 
V(V+b) 
b = 0.08664 RTc/Pc 
ac = 0.42747 R2Tc2/Pc 
a(T)1/2 = 1 + k (1- Tr112) 
k = 0.480 + 1.574 w- 0.176 w2 





V(V+b) + b(V-b) 
where a(T) and b are g1ven as 
a(T) = aca(T) 
b = 0.0778 RTc/Pc 
ac = 0.45724 R2Tc2/Pc 













k = 0.37464 + 1.54226 w- 0.26992 w2 (16) 
To apply the SRK or PR equations of state to m1xtures, 
the values of a and b can be determined us1ng the mixing 
rules [45] 
am=!! ZiZj(1- Cij)(a;aj)1/2 
bra = 0 . 5 ! ! Z i Zj ( 1 + 0; j ) ( b; + bj ) 
- ( 1 7) 
( 18) 
In Equations 17 and 18 the summations are over all chemical 
species and C;j and O;j are empirical binary interaction 
parameters character1z1ng the b1nary 1nteractions between 
components "i" and "j". Values of these parameters are 
typically determined by fitting experimental binary mixture 
data to minimize some objective functi~n, ss, which, in this 
work, is the weighted sum of squared errors in predicted 
bubble point pressures 
( P; ex p - P; c a 1 c ) 2 
ss = ! ( 1 9 ) 
( Oi p ) 2 
where 
a;p is the uncertainty in the measured pressure (see 
Analysls of Experimental Errors - Appendlx A) and the sum 1s 
over the data points analyzed. Further deta1ls of the data 
reduct1on techniques employed in this study are given by 
Gasem [ 18]. 
CHAPTER IV 
EXPERIMENTAL APPARATUS USED IN THIS STUDY 
The apparatus used in this study employs a variable 
volume, static type, blind equilibrium cell for the 
determination of bubble point pressures for synthetically 
prepared mixtures of the solute gas (methane in this work) 
and the respective solvent, which may be solid at room 
; 
conditions. The identification of the bubble point pressure 
is achieved by following the compressibility of the mixture 
as it changes abruptly across the liquid phase boundary. The 
operation of the apparatus involves combining known amounts 
of solute gas and a carefully degassed liquid solvent in a 
thermostated equilibrium cell. The cell is rocked and the 
contents are compressed by mercury so that the solute gas 1s 
forced to dissolve in the solvent. The bubble point pressure 
is taken as the pressure at which the gas phase disappears, 
forming with the solvent, a homogeneous liqu1d phase. 
Typical results of such a static experiment is an isothermal 
p-x phase diagram. 
The apparatus, as originally designed and bu1lt by 
Gasem [18], employed a 90 cc equilibrium cell rocking between 
the horizontal and the vertical positions. The effective 
volume of the cell was varied by introducing mercury at the 
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bottom of the cell, while solvent and solute lnJeCtlons were 
made at the top of the cell. The equilibrat1on time as 
reported by Gasem [18] was about 15-30 minutes for carbon 
dioxide solubility measurements. This means that more than 2 
hours is ~~eded to get a sing1e bubble po1nt on the p-x phase 
diagram. The apparatus, since then, has undergone an 
extensive modifications and reconstructions by a number of 
' 
workers [19,46-49]. These modifjcations involved the 
equilibrium cell, the solute and solvent .injection techniques 
the temperature and pressure instrumentations and control, 
and some other auxiliary circuits 1n the apparatus. 
Most importantly, the rocking equilibrium cell was 
replaced by a stirred one, which reduced the equilibration 
time to 5 minutes for ~ystems involving the solutes carbon 
dioxide and ethane [46]. This stirring techniqu~, while 
adequate for carbon dioxide and ethane systems, resulted in 
poor mix1ng for methane in hydrocarbons heav1er than 
n-octacosane (n-C2a) as revealed by equilibration t1mes of 
the order of 30 minutes. To overcome the inadequate mix1ng 
in the stirred cell, different modes of mixing were tested. 
First, a vertically erected cell housing a steel ball dr1ven 
by an external magnet was tested. The quality of mixing 
obtained by displacing the ball up and down the length of the 
equilibrium cell was poor in compar1son with the stirring 
mechanism. A different approach was then employed to 
overcome the mixing problem and to avoid the use of mercury 
as a piston fluid. The proposed technique involved rocking 
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the equilibrium cell, wh1ch contains a certa1n binary m1xture 
of known composition, 1n a temperature-programed liquid bath 
and using the solvent itself as the pressur1zing medium to 
identify the break point in a pressure-volume curve. Once 
the bubble point is obtained at a given temperature, the 
exact amount of solvent in the cell is calculated and the 
composition is determined. The temperature then is dropped 
to the next desired temperature, thus flashing the previously 
1 iquid mixture into a vapor-1 iq'uid mixture. More solvent is 
injected to get the new bubble point and the procedure is 
repeated until the lowest desired temperature 1s reached.-
Upon completion of a run which may span four temperatures, 
the cell is cleaned and prepared for the next run. The 
procedure is repeated several times, starting each run with a 
different composition to cover the· whole desired composition 
range. This technique was investigated for three different 
systems: ethane + n-hexane;. methane + n-decane, and methane 
+ n-hexatriacontane. Our results have indicated that 
identification of the bubble point pressure 1s a difficult 
and time consum1ng ~ask in this approach. Further, while~ 
glass windowed-cell could alleviate the problem·1n a well-
designed equipment, it did not in our case. Other 
difficulties encountered in operating such an apparatus 
included the handling of solvents which are solids at room 
temperature. The storage cell of these solvents as well as 
the injection screw pump, must be placed in the liquid bath 
itself (or in another bath). This, combined with the high 
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probability of developing leaks due to thermal stresses, 
makes the techn1que somewhat difficult for solubllity 
measurements of gases in heavy hydrocarbons which are solid 
at room temperature. 
The implementation of the previous technique ind1cated 
that good mixing results fro~ rocking the cell 90 degrees 
about the horizontal level. The combined effect of grav1ty 
on the steel bal)s inside the cell and the increased 
interfacial area between the two phases are perhaps 
responsible for the improved mixing. Therefore, it was 
decided to redesign and reconstruct the apparatus utilizing 
this method of mixing. Toward this end, three major . 
modifications were implemented dealing specifically with: 
1. The equilibrium cell: the stirred equilibrium cell 
was replaced by a rocKing one. The cell, housing five steel 
balls, is designed to rock from 45° below to 45° above the 
horizontal level. 
2. Dead volume: To a large extent, the dead volume 
was eliminated from the cell and the pertinent tubing and 
-
connections. This was achieved by injecting solute, solvent, 
and mercury through the same line at the bottom of the 
equilibrium cell, while hav1ng no connections at the other 
end of the cell. This also minimized leaking possibilit1es. 
3. Cleaning and degassing circuits: Using the old 
cleaning procedure, the solvent, which could be solid at 
room temperature, could be easily trapped in some of lines 
outside the temperature bath, thus plugging these lines and 
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causing unnecessary delays. This problem was allev1ated 1n 
the new design by devising a different strategy for clean1ng. 
Similarly, many redundant connections, fitt1ngs, and valves 
were eliminated to render degassing c1rcuit more reliable and 
less prone to leaks. The general layout of the apparatus is 
shown in Figure 1 and a detailed description of the important 
components is given below. 
Equilibrium Cell 
The central component of the apparatus is a var1able 
volume, rocking equilibrium cell (EC). This is a 316 
stainless steel tubular reactor (High Pressure Equipment 
Inc., Cat. No. MS-14) with an internal volume of 12.5 cc, a 
length of 10 in., an inside diameter, ID, of 5/16 in. and an 
outside diameter, OD of 9/16 in .. The equilibrium cell is 
connected at one "active" end to a simple pivoting assembly, 
while the other "dead" end is connected to an aluminum drive 
wheel, which is, in t~rn, driven by a 1/50 hp variable speed 
motor (Bodine Electric Company, type NSH-12R). The end of 
the equilibrium cell is brought from a 45° above to 45° below 
the horizontal level at a controlled speed of about 15 rpm 
using a motor speed controller (Bodine Electric Company, 
model 901, type BSH-200). Inject1ons of solvent, solute, and 
mercury to the cell were made through a 1/16 1n. OD, 0.03 in. 
ID stainless steel tubing welded to the pivoted end of the 
cell. The effective volume of the cell can be varied by the 
introduction and withdrawal of mercury using a screw pump. 
Five steel balls 3/16 in. in diameter are housed 1ns1de the 
cell to further promote mixing. Thus, the mercury acts in 
combination w1th the steel balls inside the cell to g1ve 
excellent mixing. 
Unique features of the equilibrium cell JUSt 
described are its ~ize and simplicity; being small in 
volume, the cell can be cleaned -more efficiently, since all 
of its contents are disposed upon cleaning and no mercury 
from the previous run is retained in the ·cell for the next . ' 
run, as was the case in the previous cells. Efficient 
cleaning of the cell is thought'to be an important 
contribution toward the precision of data obtained in this 
study. Also, the cell is free of any unnecessary 
connections, which minimize~ leaks. 
The kind of mixing obtained from the cell described 
above has proved to be superior to that of the previous 
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cells, as revealed by the equiliqrat1on time. For methane+ 
n-hexatriacontane (n-C3e), the equilibrati-on time was less 
than 5 minutes as compared to more than 30 minutes in the . . • 
stirred cell previously used in the apparatus. Measur1ng the 
solubility of methane in pyrene would have been a very 
difficult task using the previous cells, using the present 




Three injection pumps were used dur1ng the course of 
each run. A 10 cc positive displacemen,t pump (HP, Figure 1) 
(Temco Incorporat~d, Model 10-1-12H), was used for measuring" 
solvent inJections as well as introducing and withdrawing 
mercury from the equilibrium cell during the exper1ment. 
The second injection pump was a 25 cc positive displacement 
pump (GP), (Temco Incorporated, Model 25-1-10HAT), used to 
inject solute gas into the eq~ilibrium ~ell. Each pump was 
rated to 10,000 psia with a r~sq1ution of 0.005 cc. The 
third pump was a 500 cc positive displacement pump (CP), 
(Ruska Instruments Incorporated, Model 2210-801), rated to 
12,000 psia with a resolution of 0.02 cc. This pump was used 
only for operations where precision was not required, as 1n 
cell cleanup. 
Constant Temperature Baths 
Two air baths were used in the operat1on of the 
apparatus. The first temperature contr?lled bath (Hotpack 
oven, Model 200001) houses the equilibrium cell (EC), the 
storage vessels (SV1 and SV2), and miscellaneous fittings, 
tubing, and valves. The second air bath was constructed of 
1/2 in. plywood and used to house the two injection pumps 
(HP and GP) and pressure transducers (PT1 and PT2). Two 
proportional integral controllers (Halikainen, Model 1053 A), 
one in each bath, were used to maintain temperature within 
0.1°C of the setpoint temperature. For the present study, 
the temperature in the second a1r bath was set to 5ooc. 
The temperatures 1n the baths were measured using 
platinum resistance thermometers connected to digital 
readouts (Fluke Incorporated, Model 2180A), which- have a 
resolution of o.o1oc. 
Pressure Measurements 
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The pressure in the eQuilibriumtcell was transmitted to 
a pressure transducer (PT1), {Sensotec Incorporated, Model 
ST5E1890) through mercury filled lines. The second 
transducer (PT2) was used to measure the solute gas pressure 
directly from the gas· injection pump (GP). Each transducer 
has a range of o to 3000 psia and was calibrated regularly 
using a dead weight tester (Ruska Instrument Corporation, 
Model 2400.1). Pressure measurements were displayed on 
digital readouts (Sensotec Incorporated, Model 4500) with a 
resolution of 0.1 psia. 
Vacuum System 
The main components of the vacuum system are shown in 
Figure 2. Vacuum is achieved by a 100 1/m free air 
displacement mechanical vacuum pump {VP), (Sargent-Welch, 
Model 8811). A glass trap (GT) immersed in liQuid nitrogen 
is used to trap condensaqle materials so they do not reach 
the vacuum pump. The vacuum level achieved is 1ndicated by 
the vacuum meter (VM), {Sargent-Welch, Cat. No. S-39705-54), 
which receives its input signal from the vacuum gauge tube 
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(VG), (Sargent-Welch, Cat. No. S-39705-58), 1nstalled in the 
vacuum line. Vacuum levels down to 100 millitorr were 
achieved using this vacuum system. 
Storage Vessels 
Several vessels were used during the course of 
operation. The most important one is the solvent storage 
vessel (SV1). This is a high pressure reactor (High Pressure 
Equipment Inc., Model OC-3) which is used to store the 
degassed solvent at the operating temperature of the 
experiment for many runs. 
Other vessels used included a 500 cc aluminum vessel 
used as a disposal vessel (TC1), a 250 cc mercury reservoir 
(MR), an 8 cc stainless steel vessel (SV2) and a 250 cc 
stainless steel vessel used during cleanup (SV3). 
Fittings, Tubing, and Valves 
All fittings, tubing, and valves used in the apparatus 
are made of 316 stainless steel and were supplied by th~ High 
Pressure Equipment Company. Sizes used include 1/16, 1/18, 
and 1/4 in., all rated at 15,000 psia. 
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Chemicals 
All chem1cals used in this study were provided by 
commercial suppliers. No further purification of the 
chemicals was attempted. The chemicals stud1ed 1n this work, 
together with their reported purities and suppl1ers are 
presented in Table II. 
Table II 
Purit1es and Suppliers of Chemicals 
Used in This Study 
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Big 3 Industries, Inc. 
Matheson 
Big 3 Industries, Inc. 
Fisher Scientific 
Aldrich Chemical Company 
.Aldrich Chemical Company 
Aldrich Chemical Company 
Aldrich Chemical Company 
Alpha Morton Thiqkol Inc. 
J.T Baker Chemical Comp. 
Aldrich Chemical Company 
Aldrich Chemical Company 
Aldrich Chemical Company 
Aldrich Chemical Company 
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Figure 1. Schematic Diagram of the Bubble Po1nt Apparatus 
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This chapter describes the techn1ques and procedures 
used in operating the apparatus described in the previous 
chapter. Experimental procedures ihcluded apparatus clean-
up, solvent preparations, solvent and solute injections, 
determination of bubbl~ point pressure, calibration of 
pressure transducers, and pressure testing. Careful 
execution of each procedural step is an easential factor in 
determining the accuracy and the precision of the 
experimental data obtained; however, degassing and injection 
of solvent and solute need special attention. The validity 
of the experimental procedures was verified by reproducing 
well documented bubbl~ point pressure data. A step-by-step 
description of each procedure follows. Unless otherwise 
stated~ when a component of the equipment is mentioned, it 
refers to an item in Figure 1. 
Apparatus Clean-up 
The goal of ~pparatus clean-up is to remove any traces 
of chemicals from previous runs that may exist in the 
equilibrium cell, the storage cell, and any pertinent tub1ng 
and connections. The bas1c idea of cleaning is to empty the 
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cell, then rinse it (in situ) repeatedly with a solvent that 
dissolves the chemical to be washed out. 
Cleaning of Eauilibrium Cell ~ 
A completely clean equ1librium cell is the first 
requirement for accurate and precise experimental vapor-
liquid equilibrium (VLE) data. The procedure used to clean 
the equi 1 ibrium cell· (EC) was as follows: · 
1. If the solvent to be washed out from the equilibrium 
cell is solid at room temperature, turn on the 
heating tape (HT) and allow the cell to come to a 
temperature above the melting point of the solvent. 
Close valves V5, V4, V8, V9 and open valves V12, V6, 
and V7. Remove the stopper of cleaning reservoir 
(CR) which contains the cleaning fluid (pentane for 
paraffins and benzene for naphthenes and aromat1cs), 
and back the cleaning pump (CP) 120 turns (60 cc), 
allow fluid to drain into clean1ng vessel (SV3). 
Close V7, V6 and open V5 to read the pressure inside 
the equilipr1um cell (EC). 
2. Set the equilibrium cell (EC) in the upright 
position and observe the' reading on the 1njection 
pump (HP) to determine the amount of mercury 
injected into the cell during the prev1ous run. 
Close VS, VG, VT, VR, VHC and, w1th VHG opened, back 
injection pump (HP) to a position such that about 1 
cc of mercury is left in the equilibr1um cell (EC). 
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Allow the pressure to stab1lize. 
3. Set EC 1n the lower position and open VC and VTR to 
release the gas that was injected 1nto the cell. 
When dealing with a liquid solvent, the cell is set 
4. 
in the upper position, then VC and VTR are opened, 
thus the gas will drive tl'te solvent out to the trash 
can ( TC 1 ) . 
Close VTR, V5 and open V6, va~ VR. Push the 
cleaning fluid into the equilibrium cell using the 
clean1ng pump (CP) until about 300 psia pressure 
is reached in the equilibrium cell. Close va and 
back the clean1ng pump 5 turns... Close V6 and open 
V5. Rock the cell for at least 5 minutes. Stop 
rocking while the cell i~ in t~~ lower position and 
place an external magnet near 'the rocking end of the 
cell to prev~nt the stee) balls from clos1ng the 
act1ve end of the cell. Set the cell in the upper 
position and open VTR, thus rejecting whatever is 
inside the cell .to the trash can (TC1). If this is 
neither the first nor the second cycle of cleaning, 
the storage vessel (SV2) will have some cleaning 
fluid in it, and this fluid could be swept·out using 
the hydrocarbon injection pump (HP) . It is 
essential that the cleaning fluid is in the liqu1d 
state while being pushed out from ·sv2. Close VTR 
and a full cycle of cleaning is done. If this is 
not the first cycle of clean1ng, go to step 6 below. 
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5. Push used mercury (about 6 cc) from storage vessel 
SV2 to the equilibrium cell using the hydrocarbon 
inject1on pump (HP) and repeat step 4 above. 
6. Back the hydrocarbon 1njection pump about 5 cc while 
valves VHG and V5 opened, and valves V4 and V6 
closed. Wait for the pressure to stabilize. Go to 
step 4 above and repeat until five cycles are 
completed. 
' 7. With V10 and VTR closed and the cell 1n the upper 
position, put about 700 psia of helium in the cell 
by open1ng V9 (the helium cylinder is assumed to be 
opened). Close V9 and release the pressure by 
opening VTR. Close VTR,and repeat step 7 four more 
times. Repeat step 7 one more time releasing the 
gas through vt, then close VT. Close vc and t~rn 
off the heating ta~e. 
8. W1th V11 closed, open VG and leave 1t opened. Put 
about 700 ps1a of helium in the cell by open1ng V10, 
then close it. Release the gas through VV. Repeat 
step 8 two more times and set the equilibrium cell 
in the lower position. Repeat step 8 one more time 
putting about 1500 psia of helium and test for leaks 
in the cell and the relevant valves and connect1ons 
by checking the constancy of pressure over at least 
four hours. Fix leaks, if any, otherwise release 
pressure through VV (the vacuum rubber hose is 
assumed unhooked from the l1quid nitrogen trap). 
Flush the cell four times with low pressure (150 
psia) methane as before. 
9. Close valve VR and open valves vv, VG, and VHG. 
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Turn on vacuum pump (VP) and be sure that the vacuum 
trap is immersed in liqu1d n1trogen. Solvent 
injection requires that the hydrocarbon inJeCt1on 
pump be at a position where it can be advanced at 
least 7 cc. This step can be don~ by closing valves 
V4, V6 and opening valves V5, V12 and backing the 
hydrocarbon injection pump (HP) while simultaneously 
injecting mercury from the cleaning pump (CP). 
To verify the ~ffectiveness of this clean~ng procedure 
the cell was cleaned as described above, then taken out of 
the apparatus, opened from both ends and examined. The cell, 
as well as the two caps, were clean and dry. 
Cleaning of Solvent Storage Cell (SV1) 
Care should be exerc1sed in·clean1ng the solvent storage 
ce 11 ( sv 1 ) s i nee no mixing is ava 1 1 ab 1 e in 1 t. A 1 so, it is 
recommended that the temperature of the oven be adJUSted to 
that of the lower isotherm of the solvent being cleaned. The 
procedure f~llowed was as follows: 
1. Close valves V5, V6, VR and VHC. Open valves V4, 
V12, vs, VT, and YO. Turn on the light inside the 
oven. An aluminum container is placed underneath 
valve VD to receive the eJected material. Push out 
the material that is inside the storage cell by 
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pump1ng mercury from the cleaning pump (CP) 1nto 
storage vessel SVt and thus receiving it in the 
portable aluminum vessel. Keep pump1ng until 
mercury is filling the sight glass which can be seen 
clearly through the oven- glass window. Back the 
cleaning pump 150 turns and wait until pressure 
lines out at ambient pressure. Close valves VD and 
VT and dispose of the material collected in the 
container. In the previous design, the material to 
be removed was mixed with the cleaning fluid, and 
then pushed out through a heated trash line 
extending from valve VD to the trash can (TC2). 
Solidification of material inside that l1ne, 
especially the portion penetrating the oven, was 
frequent and caused frequent delays. With the 
present strategy of cleaning, this problem was 
elim1nated. 
2. Close valves V4, VS, and V8 and open valves ve, V7, 
and V12. Remove the ~topper from the clean1ng flu1d 
reservo1r (CR) and, using the cleaning pump, inject 
mercury until it is seen r1sing in the clean1ng 
fluid re~ervoir. Back the cleaning pump 80' turns 
(40 cc) and wait for pressure to l1ne out. Back the 
pump 80 more turns and wa1t for pressure to line 
out. Close valves V7, V9, and VT and open valves 
V8, and VR. 
3. Inject cleaning fluid into the storage cell (SV1) by 
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pump1ng mercury using the clean1ng pump unt1l the 
pressure reaches about 300 ps1a. Leave the clean1ng 
flu1d inside the cell for at least two hours to 
dissolve any traces of the prev1ous solvent. 
4. Close valves VR, va, and V6 and open valves V4, and 
VT. Push out the ce 11 contents by, pumping mercury, 
us1ng the clean1ng pump, until mercury is seen 
rising in the sight glass. Set the helium cylinder 
to gi~e 150 psia delivery pressure. 
5. Close valve V10 and open valve V9. Slowly open 
valve VR to flush the lines with helium. Close 
valve VT ~nd leave valve VR opened. Back the 
cleaning pump- 150 turns and wait for pressure to 
line out. Close valve V9 and release the pressure 
. ' 
through valve V! then close valve VT. 
6. Repeat the cleaning procedure four times starting 
each t1me at step 2, above. 
- ' 
7. set the equ1librium cell (EC) (which has already 
been cleaned), in the lower position. Close valves 
V5, V6, VR, V9, V11, and VV and open valves VG, VHG, 
and VHC. 
a. Put about:500 psia of helium pressure on the storage 
cell, the equi~ibr1um cell, and the pert1nent 
connections by opening valve V10. Close V10 and 
release the gas through valve VV. Close VV and 
repeat step 8 four time. Repeat one more t1me 
w1th 800 ps1a helium and test for leaks in the 
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storage cell (SV1). 
9. Repair any leaks, otherwise release gas through VV 
and connect the vacuum hose to the liquid nitrogen 
trap and apply vacuum for at least four ho~rs. 
Close valve VV and unhook the hose. Put about· one 
atmosphere of methane ''pr.essure on the ce 11 s and shut 
off the oven and allow it to cool down. The storage 
cell is now ready to accommodate th~ solvent. 
Solvent Preparation 
Two procedural steps will be discussed 1n this section; 
filling the stora~e vessel with solve~t,· and degassing the 
solvent. 
Filling the Storage Vessel 
Care must be taken durin~ the removal of the cap of the 
storage vessel to ensure that the seal1ng surface is not 
scratched. To fill the storage vessel (SV1) w1th solvent, 
the oven is cooled to room temperature 'and the cap of the 
storage vessel is removed. The solvent (whether liquid or 
' 
solid at room temperature) is introduced directly 1nto the 
storage vessel 1n an amount sufficient for at least six 
injections. About 15 cc of void space above the solvent 
level is provided. The cap is replaced and air is removed by 
purg1ng the storage vessel.with methane gas at low pressure. 
Degassing Procedure 
The major drawback of stat1c methods in vapor-liquld 
equilibria (VLE) exper1mentat1on is the need for a highly 
degassed sample of the solvent [50,51], since incomplete 
degass1ng of the solvent can be a ser1ous source of error 
[51,52]. Therefore, careful attention must be paid to this 
step. Degassing the solvent was carried out as follows: 
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1. The equilibrium cell (EC) is cleaned and the solvent 
added to the storage vessel (SV1), then the set-
point temperature on the contfoller is adJusted to 
be about 5°C above the melting po1nt of the solid 
solvent. 
2. Vacuum 1s applied to the'solid material (flakes or 
powder) in the storage'vessel and the oven is turned 
on. To apply vacuum, close valves VT, VR and open 
valves VS, VHC, VG, VV. Connect the vacuum hose to 
the liquid nitrogen trap and turn on the- mechanical 
vacuum pump. In this manner, the solvent 1s 
guaranteed to melt while under vacuum, so gas 
bubbles will not be trapped in liquid solvent. 
After about four hours, valve VS is closed and 
temperature 1n the oven is set to the required 
operating temperature. When temperature reaches 
steady state, vacuum is applied again to the solvent 
by opening VS for 10 to 15 minutes. 
3. While valves VHC, VR, and V5 are closed, valves V4, 
and V12 are opened and the l1quid solvent is 
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pressurized by pumping mercury into the bottom of 
the storage vessel (SV1), using the clean1ng pump 
until a pressure of about 200 psia is obta1ned. The 
solvent is now completely prepared for inJection. 
Solvent and Solute Injections 
No analytical methods to determine phase compositions 
are required in this experimental work. Instead, the m1xture 
is synthes1zed volumetrically, using .two screw pumps, one for 
the hydrocarbon solvent (HP), and another for the solute gas 
(GP). Sufficient time should be allowed for pressure and 
temperature stability before taking the reading of the screw 
pumps. Also, fluctuations in room temperature should be 
minimized by keeping the lab door closed, at least during 
solvent injection. 
Solvent Injection 
The basic idea 1n solvent inJection is to transfer a 
known quantity of degassed.solvent to the well evacuated 
equilibrium cell, which is isolated from vacuum at the 
instant of injection. The volume of the solvent injected is 
known from scale readings on the hydrocarbon· 1njection pump 
(HP). Here we neglect varia~ion of solvent density with 
pressure, which is justifiable for pressure ranges 
encountered during solvent injection [18]. 
The density of the solvent is needed to calculate the 
exact moles of that solvent. The densities used 1n this 
study, together w1th the1r l1terature sources, are shown in 
Appendix B. The procedure followed for solvent injection 
was: 
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1. The solvent is degassed and pressurized to about 200 
psia up to valve VHC as described above. 
2. Close valves VHG,. V4, and V6 and open valves V5, and 
V12, then, while the cell is under· vacuum, fi 11 the 
small storage vessel (SV2) with mercury to 200 ps1a 
by us1ng the cleaning pump. Close valve V5. 
3. Open valve V4 and close valves V1, V2 and V3. 
Allow suff1cient t1me·for the pressure to l1ne out 
around 200 psia. Record pressure and 1n1tial 
pos1t1on of the hydrocarbo~ inject1on pump (HP), 
together w1th the temperatures in both baths on the 
injection sheet. 
4. The cell has now been under vacuum for at least the 
last three hours. Close the gas injection valve VG, 
thus 1solat1ng the cell from the vacuum pump. Open 
the hydrocarbon 1nJect1on valve VHC, and inJect, 
using the hydrocarbon 1nject1on pump, the desired 
volume of solvent· (approximately) and immed1ately 
close valve VHC and adjust the pressure to the 
in1tial value recorded on the 1nJeCt1on sheet. 
5. Close valve VV and open valve V11, thus bringing 
solute gas up to the mouth of-the equ1l1br1um cell. 
(The gas pump 1s assumed charged w1th pure methane.) 
6. Adjust the pressure 1n the storage vessel to its 
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1nit1al value and record the f1nal pos1t1on of the 
hydrocarbon injection pump. Calculate the exact 
volume of the solvent 1njected (taking into account 
correction needed because of the transfer of mercury 
from one bath t~ another ~f different temperature). 
The·1njected volume of the solvent, mult1plied by 
' ' 
the molar dens1ty of the liqu1~ solvent at the 
operating temperature, gives the moles of solvent 
injected into the ce 11 • The r:-e,qu 1 red vo 1 ume of 
solute gas to' give_the de~1red' m1xture.composit1on 
' . -
is then c~lculated., Close· val~e V4 and proceed to 
' ' 
the solute 1njection. 
Solute Injection 
Solute injection is very si~ilar to solvent injection; 
however, the pressure readings and pump positions are those 
of the gas pump (GP). The temperature of the methane gas 
•' 
dur1ng th1s study was ma1ntain~d at 50°C using a 
proportional-lntegral controller.' The pressure at wh1ch the 
solute gas was 1njected lies in the range 500-800 psia, for 
most of. the t·imes, however, gas_ injec_t1ons w.~re made at 
pressures around 600 psia. The densities of ~he gas,at the 
inject1on conditions of temperature and -pressure used in 
calculat1ng the moles of gas inJected were the experimental 
values of Schamp, et al. [54]. These densit1es were- 1n 
agreement with those of Goodwin' [55] and the exper1m~ntal 
ones of Olds and Reamer [56]. The percentage.uncerta1nty in 
methane density at 50°C was calculated over a wide range of 
pressure from the modified Bender's equat1on of state of 
methane [53]. No specific pressure ranges (except at low 
pressures) were found over which the uncerta1nty is 
except1onally high. The der1vations and results of 
percentage uncertainty as a function of pressure at 50°C is 
shown 1n Appendix C (Fig. C-1). 
The procedure of solute injection was as follows: 
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1. The pressure of the gas, together with the gas pump 
read1ng' are recorded on the lnJeCtlon sheet, and the 
true gas pressure is calculated by applying the 
necessary corrections (see Appendix E). The pump is 
advanced until the volume change is equal to the 
volume of gas needed for injection. 
2. The gas injection valve (VG) is opened slowly until 
the pressure in the gas pump falls to 1ts original 
value or slightly below. The gas inJection valve is 
closed and the gas pump (GP) 1s adJusted to give the 
initial pressure, which 1s recorded on the 1njection 
sheet. The volume of gas injected 1s equal to the 
difference between the final and in1tial pump 
readings. The moles of gas 1njected is simply the 
product of the volume of gas 1njected and the molar 
dens1ty of the gas. 
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Bubble Point Determination 
The above procedures provide a b1nary mixture of known 
composition in the equilibrium cell. The next step is to 
determine the bubble point pressure of th1s m1xture. This 1s 
done by measuring the pressure of the m1xture as increments 
of mercury (0.01 cc) are'lnjected 1nto the cel,l. Above the 
bubble point, where the last bubble of the gas phase 
dissolves 1nto the liquid phase, an increase in pressure 1s 
obtained indicat1ng that the bubble po1nt pressure has been 
passed. Accurate determ1nation of the bubble po1nt pressure 
is obtained from a plot such as that shown 1n Figure 3. 
Somet1mes, however, plotting.pressure vs volume of mercury 
injected does not help identifyi~g the bubble point 
accurately, because of large pressure ranges inv~lved. In 
this case, two least-squares linear equations are solved to 
give the intersection po1nt that appears in Figure 3. To get 
the true bubble po1nt pressure of the mixture, two 
correct1ons are required; the first.comes from calibrat1on of 
the pressure transducer (PT1) aga1nst a dead weight tester, 
and the second is due to the head of mercury between the cell 
and the pressure transducer. The procedure ~o account for 
these correct1ons is described 1n Appendlx D. (Solubilit1es 
of the solvent and solute 1n mercury are assumed negliglble 
under the exper1mental condit1ons of th1s study.) 
The step-by-step procedure followed to determine the 
bubble point pressure of the m1xture was as follows: 
1. W1th valves V5, V4, and V6 closed, and valves V12, 
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and V3 opened, transfer about 7 cc of mercury from 
the clean1ng pump (CP) to the hydrocarbon inJection 
pump (HP). Close valve V12 and open valve vs and 
pressurize storage vessel SV2 to 700 psia. 
2. Set the equilibrium cell in the upper pos1t1on. 
Open valve VHG and start injecting mercury 1nto the 
cell; after 1nject1ng about 4 cc beg1n rocking the 
cell and keep injecting 'mercury· while the cell is 
rocking. Decrease the 1njection rate as the bubble 
point is approached. Keep injecting mercury unt1l a 
sharp increase 1n pressure is obtaiQed, at which 
time stop rocking the cell· while it is 1n the upper 
position. Remove mercury so that at least 0.03 cc 
. ' 
of mercury will need to be injected before the 
bubble point is reached'. Start 1nject1ng increments 
of 0.01 cc me·rcury into the cell while it is 
rock1ng. Allow pressure to stabil1ze after each 
1njection and.record.the data on the P-V data sheet 
unt1l a m1nimum of three points are obta1ned at 
pressures above the bubble point. 
3. Set the equilibr1um cell in the upper pos1t1on. 
Calculate the volume of solute gas needed for the 
next des1red mixture composit~on, and back the 
injection pump to cr~ate clearance for the 1ncoming 
gas, then ·wait for pressure to stabi)lze. Close 
valve VHG and proce~d with the solute inJection. 
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Calibration of Pressure Transducers 
The hydrocarbon pressure transducer (PT1) was calibrated 
on a regular bas1s to assure proper pressure read1ngs during 
operation. The gas pressure transducer (PT2) was then 
calibrated a~ainst the calibrated transducer (PT1). 
Calibration was performed us1ng a dead we1ght pressure tester 
(Ruska Instrument Corporation, Mode 2400.1) connected 
directly to the hydrocarbon pressure transducer (PT1). The 
mercury level in the oil-gas 1nterface (see Figure 1) should 
align with the black reference line marked on the outs1de 
glass window of the o11-gas interface. Note that the 
temperature in the bath conta1n(ng the pressure transducers 
has to be stabilized at, 50°C prior to calibration. The 
procedure followed was as follows:, 
1. The pressure trans~ucer (PT1) is isolated from the 
rest of the apparatus by closing valves V5, V4, V6, 
V15, and V14. Valve V12 is then opened and the 
pressure is adjusted to about 150 psia with the 
clean1ng pump. valve V3 i~ then closed while valves 
V1, and V2 are opened. The dead weight gauge 1s now 
linked directly to the transducer (PT1). The dead 
weight tester is then turned on. 
2. The ambient temperature and pressure are recorded 
and the calibration is begun by placing the proper 
disk weights on the floating piston of the dead 
weight tester and recording the pressure 1nd1cated 
by PT1, using the proper cal1bration sheet. The 
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choice of weights depends on the part1cular pressure 
range over which the apparatus will be operated. 
3. Once the desired pressure range is covered, the pump 
on the dead weight tester is backed out to adjust 
the pressure to about 150 psia, and the dead we1ght 
gauge is isolated from the apparatus by closing 
valves V1, and V2. Valve V3 is then opened and 
valve V12 is closed to isolate the cleaning pump. 
4. By comparirig pressures d1splayed by the transducer 
with pressures generated by the dead weight tester, 
we are able to get corrections that should be made 
to the transducer readings. The calculat1on of 
these corrections is done in a simple computer 
program coded by Anderson [47] and a sample of 
typical corrections is shown in Table D-1 of 
Appendix D. 
5. The gas pressure transducer (PT2) 1s calibrated 
aga1nst the already calibrated transducer (PT1) 
through a gas-mercury inte,rface. The idea is to 
expose both transducers to the same pressure and 
compare the two readings. This is done by clos1ng 
va 1 ves VG, V9, V 13 and VV, 'Wh i 1 e opening va 1 ves V 11 , 
V10, V15, and V14, thus exposing the gas pressure 
transducer (PT2) to pressures typical of those 
encountered during injection of the solute gas. The 
pressure is transmitted to the hydrocarbon pressure 
transducer through the gas-mercury interface. Valve 
V11 is then closed while valve VV is opened (the 
vacuum hose should be unhooked from the liqu1d 
nitrogen trap) and the two pressures are recorded. 
A new set of pressures are obtained by releasing 
some of the helium gas through valve V11 until the 
desired pressure range is covered at which time 
valves V15, and V14 are closed. 
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Two kinds of corrections should be applied to the 
apparent pressure displayed by the digital readouts to get 
the true pressure; one correct1on coming from calibrat1on and 
the other is a result of the mercury head in the gas-mercury 
interface. The procedure to account for these corrections to 
get the true pressure is presented in Appendix D. 
Pressure,Testing 
One of the bas1c requirements for successful operation 
of static bubble point pressure apparatus 1s a leak-free 
system. To accomplish this, the equilibrium cell is 
pressur1zed with helium gas and a leak test 1s performed at 
room temperature using a highly sensitive hel1um leak 
detector (Gow Mac Instrument Co.~ Model 21-150). Next, the 
cell is pressurized with helium'gas at the temperature of the 
experiment and a pressure test is carried out at a pressure 
level higher than those encountered during the exper1mental 
run. All elements of the pressure system are included 1n the 
test. Constancy of pressure over at least 4 hours is taken 
to be indicative of tightness of the system. S1milar 
procedures are followed to pressure test the solvent or the 
solute storage vessels. 
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One more test, to ensure absence of leaks in the cell, 
was carr1ed out occasionally. This time, however, the test 
is for d1rectional leaks of air into the evacuated cell. The 
test was performed by degass1ng the cell for at least three 
hours, isolating the cell from vacuum and leaving it 
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CHAPTER VI 
BINARY VAPOR-LIQUID PHASE EQUILIBRIUM 
FOR METHANE + HEAVY 
NORMAL P~RAFFINS 
Abstract 
Binary solubility data are presented for methane in five 
heavy normal paraffins at temperatures from 311 to 423 K 
(100 to 302°F) and pressures up to 865 bar (1255 psia). The 
paraffins studied are: n-decane (n-C1o), n-eicosane (n-c2o), 
n-octacosane (n-C2a), n-hexatriacontane (n-Cas) and n-tetra-
tetracontane (n-C44). Data for methane+ n-decane are in 
good agreement with the earlier measurements of Reamer, et 
al. and Lin, et al. b~t are in significant disagreement with 
the data obtained by Beaudoin "and Lavender. The data 
obtained for the solubili~y of methane in n-C2o, n-C2a, and 
n-Cas are in good agreement with the earlier measurements of 
Chao and coworkers. The new data can be described with RMS 
errors of about 0.001 in mole fraction of methane by the 
Soave-Redlich-Kwong (SRK) or Peng-Robirison (PR) equation of 
state when two interaction parameters per isotherm are used. 
Henry's constants and partial molar volumes at infinite 




The well-publicized energy situation in the United 
States has provided strong impetus toward the conversion of 
coal to liquid and gaseous products. Multiple phases are 
present in essentially all stages o'f feed preparat1on, 
conversion reactions, and product separation. For example, 
during the initial stages of coal dissolut1on in a coal-
' 
derived recycle solvent, many light gases are produced (e.g., 
CH4, CO, COz, HzS, HzO~ NH3, and Cz-Cs) [1]. Therefore, the 
' effective design and operation of such convers1on processes 
require accurate knowledge of the phase behav1or of the fluid 
mixtures encountered. Studies of the solubility of light 
gases in heavy hydrocarbons are also of interest in the 
processing of petroleum products, enhanced oil recovery and 
supercritical fluid processes. Moreover, such studies are 
valuable in the development and evaluation of solution 
theor1es. 
Prev1ously, we have reported and analyzed data on the 
solubility of carbon dioxide and ~thane in a series of heavy 
hydrocarbons [2-6]. Recently, we have completed an 
experimental study on the s~lubility of 'methane in a ser1es 
of heavy hydrocarbons (paraffins, naphthenes, and aromatics). 
Solubility data for the binary mixtures of methane with 
n-decane, n-eicosane, n-octacosane, n-hexatriacontane, and 
n-tetratetracontane are presented here and correlated using 
the Soave [7] and Pang-Robinson [8] equations of state. 
Solubilities were measured at temperatures from 311 to 423 K 
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(100 to 302°F) and pressures up to 865 bar (1255 psia). 
These data should provide a valuable complement to the 
available literature data and should prove useful in the 
development and testing of correlations describing the phase 
behavior of multicomponent systems involv1ng methane. 
Experimental Section 
Apparatus and Procedure 
The experimental apparatus used in this study is a 
modified version of, the apparatus used by Raff [6]. The 
modifications resulted in a number_of improvements includ1ng: 
improved mixing, reduced dead volume, and improved procedures 
for cleaning and degassing. A detailed description of the 
apparatus and experimental procedure is given elsewhere [9]. 
Estimated uncertainties in.experimental measurements are 
0.1 K in temperature and less than 0.002 in mole fraction. 
The uncertainty in the meastired bubble point pressure depends 
on the steepness of the p-x 'relation and 1s of the order of 
0.35 bar (5 psia) [9]. 
Materials 
The methane used in this study had a stated purity of 
99.97+ mol% and was supplied by Matheson. N-decane, 
n-eicosane, n-octacosane and n-hexatriacontane were from 
Aldrich Chemical Company with quoted purit1es of 99+ mol%. 
N-tetratetracontane was from Alfa Products with a stated 
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purity of 96+ mol%. No further purification of the 
chemicals was attempted. 
Results and Discussion 
Equilibrium Data 
The experimental results are presented in Tables I-V. In 
general, the lowest temperature at which each system was 
studied was dictated by the melting point of the··solvent. 
For n-decane, however, measurements were conducted at 
temperatures at which literature data are available for 
comparison purposes. The fi~st three isotherms of methane + 
n-decane system were obtained using the apparatus described 
by Raff [6]. These data, however, were verified using the 
modified apparatus [9]. 
Equation of State Data Correlation 
The exper1mental data have been correlated using the SRK 
[7] and PR [8] cubic equations of state. Optimum binary 
interaction parameters were obtained by minimizing the sum of 
squares of pressure deviations from the experimental values. 
' ' 
Detailed procedure for data reduction is g1ven by Gasem [10]. 
The input parameters for the pure components (acentric 
factors, critical temperatures and crit~cal pressures) 
required by the SRK and PR equations of state, together with 
the literature sources are presented in Table VI. The 
parameters for components heavier than n-decane are those 
used by Raff [6]. 
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The effects of temperature and pressure on methane 
solub'i 1 ity ( 1 iquid phase mole fraction of methane) are 
evident in Figures 1-5. For a given pressure, the solubil1ty 
of methane in a given n-paraffin decreases with increasing 
temperature, a behavior which is s1milar to that observed for 
carbon dioxide solubilities [10]. 
The effect of molecular weight of the solvent (or, 
equivalently, the carbon number) is displayed in Figure 6; 
For a given te~perature and pressure, the solubil1ty (on 
molar basis) of the gas 1ncreases with increas1ng molecular 
weight of the solvent. 
The equation-of-state representations of the 
solubilities for the systems under study are documented in 
Tables VII-XI. The equations are capable of describing the 
data with RMS errors within 0.002 in mole fraction when a 
single pair of interaction parameters, Cij and D,iJ, is used 
over the complete temperat~re range for any system studied 
(except for methane + n-eicosane system which has an RMS 
error of 0.0036 in mole,fraction). When two parameters are 
fitted to each isotherm, RMS errors are less than 0.0015 for 
all systems. These results illustrate both the ability of 
the ~quations of state and the precision of our reported 
data. The results in Tables IX-XI also reveal a certain 
degree of correlation between the CtJ and DiJ values. For 
example, the sensitivity of ,the optimized CiJ and the 
corresponding RMS errors (in meth'ane mole fraction) to 
changes in DiJ, for methane + n-eicosane at 212°F, are shown 
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in Figure 7, where the very sharp min1mum in the RMS vs D;J 
plot signifies a high sensitivity of the model predictability 
to the interaction parameters. The rate of change of C;J 
with respect to D;J is high and equals -5 for th1s specific 
system with a clear optimum at C;J = 0.096 and D;J = -0.016. 
Similar behavior was obseryed for other binary mixtures of 
methane+ n-paraffins where small changes in D;J (from D;J = 
0 in the one parameter case) cause significant variations in 
C; J • 
Comparisons of our results with those reported by 
various investigators appear in Figures 8-16. The 
comparisons are shown in terms of deviations of the 
solubilities from values predicted using the SRK [7] equation 
of state. Interaction paramete~s employed in the equation-
of-state predict1ons were obtained by fitting our data for 
each 1sotherm in each sy~tem. In cases where the literature 
data are reported at temperatur~s different from ours, 
sol ubi l1ty prediction were .obtained using temperature 
independent parameters, C;J and D;J, regressed from our data 
over the complete range of temperature for the system. Th1s 
method of comparison was employed because the interact1on 
parameters, C;j and O;J, when regressed simultaneously, did 
not show, in general, a clear functionality in temperature 
and so interpolation becomes difficult. 
Figures 8-13 show comparisons for methane + n-decane. 
The data obtained from the new apparatus are in excellent 
agreement with those obtained from the old apparatus for 
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methane + n-decane at ~00, 160, and 220°F as shown in 
Figures 8-10 where solubilities are predicted within 0.001. 
Reasonable agreement is observed between the present study 
and that of Reamer [11] at temperatures 160, 220 and 280; 
solubilit1es, as shown in Figures 9-11, agree within 0.003 
over the whole pressure range qf this study. However, the 
agreement is not as good at 100°F, as Figure 8 shows. At 
temperatures higher than 280°F-the agreement is reasonable 
over the pressure range of this study. According to Mohindra 
[12], Reamer's data at 100, 160, 220 were found to be 
thermodynamically inconsistent. The best agreement between 
this work and that'of Reamer [12] is at 280°F where the 
solubilities, as shown in F1gur~ 11, agree within 0.0015. 
Similarly, good ag~eement (solubility deviation ~ithin 0.002) 
between this study and that of Lin [15] is revealed by Figure 
12. Except at very low pressures (<100 psia), this study is 
in significant disagreement with those of Lavender [13] and 
Beaudoin [14], which we~e reported to be internally 
inconsistent [12]. Figure 13 shows solubility deviation for 
methane + n-decane when temperature independent parameters, 
C;j and O;j, are used to fit the whole set of data of the 
present work; solubilities of methane in n-decane are 
predicted with RMS errors within 0.002. 
Comparison of meihane + n-e~cosane (n-Czo) data appears 
in Figure 14. Equation-of-state' parameters regressed from 
our data predict lower solubilit1es (higher bubble point 
pressures) for the 392°F isotherm and higher solubil1ties 
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(lower bubble po1nt pressures) for the 212°F isotherm than 
reported by Huang, et al [16]. Solubilities, as Figure 14 
reveals, agree within 0.0025 for the 212°F isotherm and 
0.004 for the 392°F isotherm. 
Comparisons for methane+ n-octacosane (n-Cza) and 
methane+ n-hexatriacontane (n-C3a) are shown in Figures 15 
and 16. The agreement between this study and those of 
Huang, et al. [17] for methane+ n-Cza (in terms of 
solubility deviation) is with1n 0.004 for the 212°F 1sotherm· 
and 0.002 for the 392°F isotherm. For methane+ n-C3a, the 
agreement between this work and those.of Tsai, et al. [18] is 
, , 
within 0.004 mole f-raction, for the 212°F isotherm, and 
0.003 mole fraction, for the 392°f isotherm (Figure 16). For 
methane+ n-tetratetracontane <n~c.~) no literature data are 
, ' 
available for comparisons; the ability of the equation of 
states to represent our data is shown in Figure 17. 
The effect of the carbon-number of th~ paraffin on the 
optimum interaction parameters 'is shown in Figure 18. The 
standard deviation of any optimize~ parameter (whenever of 
adequate magnitude to be shown) is shown on the figures. 
The parameters, C;j and O;j, tend to increase linearly with 
carbon number (or, equivalently, 'With molecu'l~r weight). The 
effect of carbon number becomes more clear when opt1mizing 
only C;j holding O;j fixed (zero .in this case) as Figure 19 
shows. A constant value of 0.032 for C;J, for the binary 
mixtures of methane in .paraffinic solvents with carbon number 
less than or equal 30, is suggested by Figure 19. For 
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paraffin1c solvents w1th higher carbon number, Cij tends to 
increase linearly with carbon number for the set of cr1tical 
properties and acentric factors used in this study. The 
corresponding RMS errors in solubility are shown in the same 
graph. 
The effects of temperature and carbon number on Cij and 
Dij, when regressed simultaneously, are shown in Figure 20. 
For a given binary mixture (except methane+ n-c2a) , Cij 
increases with both, temperature and carbon number. No 
general conclusion can be drawn regarding the effects of 
temperature and carbon number on Dij for this case as Figure 
20 shows. When on~y Cij is optimi~ed setting Dij at zero, no 
pronounced effects of temperature and carbon number are 
noticed for the binary mixtures of methane with n-C1o, n-C2o 
and n-C2a (Figure i1). However, for methane+ n-Css.and 
methane + n-C44, Cij increases with both, temperature and 
carbon number, which might be attributed to the uncertainty 
in the1r estimated critical properties. 
Krichevsky-Kasarnovsky Analysis 
In the range of methane mole fract1ons reported in 
this study, the binary solubilities of methane in n~C1o~ 
n-C2o, n-C2a, n-Csa, and n-C44 are represented within 0.0015 
by the Krichevsky-Kasarnovsky (KK) equation [19] (definition 
of variables are given in the "List of Symbols"): 
ln(fcH4/XCH4) = ln(HCH4 ,PHc) + (VCH4/RT)(P-PHc) (1) 
Values of the methane fugacity, fcH4, required for the KK 
equation were obtaineq from Bender's equation of state for 
methane [20], since the vapor phase is essentially pure 
methane. 
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Solub1lity data for methane + n-paraffins of this work, 
as well as those found in the l1terature, were analyzed us1ng 
Equation 1 above. The resultant Henry's constants and the 
infinite-dilution partial molar volumes of methane are 
presented in Table XII and Figures 22-25. 
Comparisons of Henry's constants are shown 1n Figures 22 
and 23. The Henry's constants of Chappelow [21] were 
obtained from equ1librium cell·data, those of Ping [22] were 
obtained using gas chromatographic techniques, and those of 
the rest (including the present-work) were obtained, as 
described above, by regression of solubility data us~ng 
Equation 1. Henry's constants for methane+ n-decane of th1s 
work agree w1thin 10 ·bars with those of Lin [15], Beaudoin 
[14], Reamer (11] and Lavender [13]. For methane+ n-C2o, 
our Henry's constants agree within 5 birs with those of 
Huang [16], and Chappelow [21]. Similar agreement is 
observed between Henry's constants of this work and other 
investigators [17,22,18] for methane+ n-C2a· and methane+ 
n-C3s. 
Figure 23 also shows the effects of the solvent carbon 
number and temperature on Henry'~ constants. For a given 
temperature, Henry's constant decreases with increasing 
carbon number of the solvent, and (for a given n-paraffinic 
solvent over the temperature range of ~his work) increases 
with temperature, which is (in the light of Figures 1-6) an 
expected behavior. 
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Comparisons of infinite-dilution part1al molar volumes, 
obtained from regression of solubility data using Equation 1 
above, are shown 1n Figures 24 and 25. Care should be taken 
in attributing physical significance to these values which 
are considered less accurate than ~h~ corresponding Henry's 
constants. 
Cone 1 us,i ons 
Data have been obtained on the solubility of methane in 
each of the n-paraffin solvents·, n-decane, n-eicosane, 
n-octacosane, n-hexa~riacontane' and n-tetratetracontane at 
temperatures from 311 to 423 K (100 to 302°F) and pressures 
to 865 bar (1255 psia). These data are well described by the 
Soave-Redlich-Kwong and Peng-Robinson equations of states and 
the Krichevsky-Kasarnovsky correlat1on. These results will 
be of value in establishing. 1nter,action parameters in other 
equations of state for light gases in heavy hydrocarbon 
solvents. 
List of Symbols 
C;j, Oij interact1on parameters between components 1 and J 
in mix1ng rules for equat1on of state 
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fcH4 fugacity of methane in the l1qu1d (or vapor) phase 
p pressure 
PHc hydrocarbon vapor pressure 
HcH4,PHc Henry's constant of methane 
R universal gas constant 
T temperature 
VcH4 infinite dilution partial molar volume of methane 
x liquid phase mole fraction of methane (solubil1ty) 
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Table I 
Solubility Data for Methane in n-Decane (n-C1o) 
Mole Fraction Bubble Point Pressure 
Methane bar (psi a) 
310.9 K (37.8°C, 100° F) 
0.050 10.4 ( 151) 
0.075 16.0 ( 232) 
0.100 21.7 ( 315) 
0. 151 34.2 ( 495) 
0.200 47.0 ( 682) 
0.252 62.4 ( 905) 
0.291 74.7 ( 1084) 
0.308 80.4 (1166) 
344.3 K (71.,1°C, 160° F) 
0.051 12.2 ( 177) 
0.074 17.9 ( 260) 
0.096 23.9 ( 346) 
0.127 32. 1 ( 466) 
0.154 39.5 ( 572) 
0.201 53.5 ( 776) 
0.227 61.7 ( 895) 
0.248 68.7 ( 996) 
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Table I (Continued) 
Solubility Data for Methane in n-Decane ( n-C1 o ) , 
Mole Fraction Bubble Point Pressure 
MEl thane bar (psi a) 
377.6 K ( 104.-4°C, 2'20° F) 
0.055 14.4 ( 209) 
0.084 22.1 ( 320) 
0.097 2~.0 ( 377) 
' ' 
0.125 34. 1 ( 495) 
0.169 47.4 ( 688) 
0.211 61.0 ( 884) 
0.240 71.2 ( 1032) 
0.276 83.5 (1212) 
410.9 K ~ 137.8° c, 280° F) 
0.074 20.6 ( 298) 
0.126 35.8 '( 520) 
0.152 43.7 ( 633) 
0.176 51.5 ( 747) 
0.202 60.2 ( 873) 
0.226 68.6 ( 995) 
0.251 77.5 (1124) 
0.275 86.5 (1254) 
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Table II 
Solubility Data for Methane in n~Eicosane (n-C2o) 
Mole Fraction Bubble Point Pressure 
Methane bar (ps1a) 
323.2 K (.5o.ooc, 122.0° F) 
0.051 9.5 ( 138) 
0.099 18.9 (274) 
0. 119 23.2 (337) 
0.150 30.2 (438) 
0.177 36.8 (533) 
0.212 45.5 (659) 
373.2 K ( 100. oo c' 212 .,oo F) 
0.075 15.8 '( 230) 
0.113 24.8 (359) 
0.150 34.3 (498) 
' ' 
0.200 48.2 (699) 
0.251 64.2 (930) 
0.251 64.0 (929) 
423.2 'K ( 150.0° c' 302.0° F) 
0.074 16.8 ( 243) 
0.156 38.5 ( 558) 
0.200 51.6 ( 749) 
0.250 67.i ( 982) 
0.251 67.9 ( 985) 
0.275 76.7 (1113) 
0.301 86.3 ( 1251 ) 
0.350 106.9 (1550) 
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Table III 
Solubility Data for Methane in n-Octacosane ( n-C2 s ) 
Mole Fraction Bubble Po1nt Pressure 
Methane bar (psi a) 
348.2 K ( 75. 0°C' 1.6 7-.0° F) 
0.057 9.3 ( 134) 
0.084 13.6 (197) 
0.137 23.8 (345) 
0.149 26,. 1 (379) 
0.199 .37.2 (540) 
0.237 46.3 (672) 
0.252 50.2 (728) 
373.2 K ( 100. oo c' 212.0° F) 
0.074 12.6 ( 183) 
0. 127 23.6 ( 343) 
0.152 28.4 ( 413) 
0.175 34.3 ( 498) 
0.277 61.7 { 895) 
0.325 77.4 ( 1123) 
423.2 K ( 150.0° c' 302. oo F) 
0.074 14. 1 ( 204) 
0.109 21.3 ( 308) 
. ' 
0.154 31 .. 6 ( 458) 
0.202 43.3 { 628) 
0.251 56.7 ( 822) 
0.299 70.9 ( 1029) 
Table IV 
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Critical Properties and Acentr1c Factors Used 
in the SRK and PR Equations of State 
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Component Pressure Temperature Acentr1c Reference 
(bar) (K) Factor 
Methane 46.60 190.5 0.0110 23 
n-C1o 20.97 617.5 0.4885 24 
n-C2o 10.69 .766.6 0.8941 6 
n-C2a 6.61 827.4 1.1617 6 
n-C3& 4.28 864.0 1. 4228 6 
n-C44 2.90 866.6 1.6664 6 
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Table VII 
SRK and PR Equatlon-of-State Representations of 
Solubility of Methane in n-Decane 
Temperature 








( P-R Parameters). \ 


































* Errors are essent1ally ident1cal for the SRK and PR EOS 
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Table VIII 
SRK and PR Equation-of-State Representat1ons of 
Solubility of Methane in n-Eicosane 
Temperature 































( -o. oos') 











* Errors are essentially 1dentical for the SRK and PR EOS 
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Table IX 
SRK and PR Equation-of-State Representations of 
Solub1l1ty of Methane 1n n-Octacosane 
Temperature 
K (° F) 




C1 2 D1 2 , 













0'. 0009 0.0014 
0.0057 0.0069 
-------------------~-------------~-~~------------------------
423. 1 ( 302. 0) 







( 0. 140) 
0.034 
(0.027) 
-0.012 0.0004 0.0007 
(-0.014) 
0.0025 0.0038 
-0.015 0.0014 0.0028 
, ( -o. o 16 )' 
0.0044 0.0098 
* Errors are essent1ally ident1cal, for the SRK and PR EOS 
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Table X 
SRK and PR Equation-of-State Representat1ons of 
Solubility of Methane in n-Hexatriacontane 
Temperature Soave 
K (° F) (P-R 
C12 




423.1 (302.0) 0.223 
(0.208) 
0 ~ 110 
(0.092) 
373.1, 423.1 0.220 





















* Errors are essent1ally identical for the SRK and PR EOS 
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Table XI 
SRK and PR Equation-of-State Representations of 
Solubility of Methane 1n n-Tetratetracontane 
Temperature Soave 
K (oF) (P-R 
C12 








373.1, 423.1 0.258 
(0.242) 
0.148 



















* Errors are essent1ally 1dentical 'for the SRK and PR EOS 
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Table XII " 
Henry's Constants and Infinite-Dilution Partial Molar 
Volumes for Methane 1n n-Paraffins (n-C1o to n-C4 4) 
Temp. Ref. Henry's Cons. Par:tial Mol. Vol. RMS Error 
K bar crn3 /g-mo 1 e Mo-le Fract1on 
n-Decane (C1 o) 
298.2 14 199 (±1 )* 735 ( +30 )* 0.0015 
310.9 This Work 203 (+4) 695 (+13) 0.0002 
310.9 1 1 195 (±1) 960 (+35) 0.0023 
310.9 13 196 (±3) 980 (+70) 0.0080 
323.2 14 217 (±1) 875 (±18) 0.0014 
344.3 This Work 233 (±1) 665 (+32) 0.0003 
344.3 11 221 (±1) 950 (±25) 0.0013 
344.3 13 220 (±3) 1100 (±65) 0.0060 
348.2 14 240 (+1) 855 (±30) 0.0013 
373.2 14 261 (+2) 850 (+55) 0.0019 
377.6 This Work 252 (±1) 750 (±23) 0.0003-
377.6 1 1 251 (±2) 76,0 (+75) 0.0007 
377.6 13 250 <±4) ' 1050 (±110) 0.0037 
410.9 This Work 266 (±1) 770 (+40) 0.0006 
410.9 1 1 293 (±1) 128 (±290) 0.0046 
423.2 15 270 (+5) 765 (±180) 0.0013 
423.2 14 305 ' ( j;3) 93 ( +1•35) 0.0015 
Table XII (Cont1nued~ 
Henry's Constants and Infinite-Dilution Part1al Molar 
Volumes for Methane 1n n-Paraffins (n-c1o to n-C44) 
Temp. Ref. Henry's Cons. Partial Mol. Vol. RMS Error 
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K bar cm3/g-mole Mole Fraction 
n-E 1 cosane ( C2 o.) 
323.2 This Work 178 (+1) 
373.2 This Work 199 (+1) 
373.4 16 208 (+1) 
423.2 This Work 217 (±1) 





1:490 ( ±220) ', 
n-Octacosane (C2s) 
348.2 This Work 153 (±1) 
373.2 This Work 162 (±2), 
373.4 17 165 (±2) ' 
423.2 This Work 179 (+1) 







373.2 This Work 147 (~1) 
373.4 18 143 (+2) 
423.2 This Work 1ST' (.±1) 
473.5 18 159 (+3) 
2000 (±50) 
2075 (±155) 
. 2'195 (±40) 
2420 (±290) 
n-Tetratetracontane (C44) 
373.2 This Work 128 (±1) 
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Bubble Point Pressure Data for Methane + n-Eicosane 
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BINARY VAPOR-LIQUID PHASE· EQUILIBRIUM 
FOR METHANE- + CYCLOHEXANE AND 
METHANE + TRANS-DECALIN 
Abstract 
Binary solubility data are presented'for methane+ 
cyclohexane and methane + trans-deca1in at temperatures from 
323 to 423 K (122 to 302°F) and pressures to 965 bar (1400 
psia). Our data for methane+ cyclohexane are in reasonable 
agreement with the earlier measurements of Reamer but they 
are in significant disagreement with some of the data of 
Schoch. The new data can be described with RMS errors less 
than 0.0005 in mole fraction by the Soave-Redlich-Kwong (SRK) 
and Pang-Robinson (PR) equations of state when two 





Solub1lity data for methane in naphthen1c solvents are 
of 1nterest in a number of engineer1ng ~ppl1cat1ons. 
Exper1mental data are needed for developing and test1ng 
viable correlat1ons and descr1bing the phase behavior of 
methane m1xtures. 
Essentlally all state-of-the-art models for phase 
behavior contain one [1,2], two [3] or three [4] interaction 
parameters to acc6unt for unlike molecular pa1r 1nteract1ons. 
These "empirical" interaction parameters have a dramatic 
effect on the predicted properties of mixtures and are thus 
requ1red for accurate predictions. In most instances, 
successful modeling of the behavior of complex mult1component 
mixtures requ1res accurate information on the pure compounds 
and on the binary interactions that exist between the 
d1fferent molecular species. Exper1mental measurements made 
on systemat1cally chosen mixtures can be used to evaluate 
interact1on parameters an~, more importantly, furn1sh the 
bas1s for generalization of the parameters to allow 
interpolation (and perhaps extrapolatlon) to other solvents 
in the same homologous series. Toward this end, we have 
prev1ously reported and analyzed data on the solub1l1ty of 
carbon diox1de and ethane -in a series of hydrocarbons [5-8]. 
Recently we have completed an exper1mental study of the 
solubility of methane in a ser1es of hydrocarbons (aromat1c, 
paraffinic, and naphthenic solvents). Solubillty data for 
the binary systems of methane in n-decane, n-eicosane, 
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n-octacosane, n-hexatriacontane, and n-tetratetracontane have 
been presented [9]. In the present work, solubility data for 
the b1nary systems of methane + cyclohexane and methane + 
trans-decalin are presented and correlated using SRK [1] and 
PR (2] equations of state (EOS). Solubil1t1es were measured 
at temperatures from 323 tp 423 K (122 to 302°F) and 
pressures to 965 bar (1400 psia). These data should provide 
a valuable complement to the ava1lable literature data and 
prove useful in the development arid test1ng of correlat1ons 
descr1bing the phase behavior of multicomponent systems 
involving methane. 
Experimental Section 
Apparatus and Procedure 
The exper1mental apparatus used in this study 1s a 
modified version of the apparatus used by Raff (10]. The 
modifications resulted in a number of improvements 1nclud1ng 
improved m1xing, reduced dead volumes, and 1mproved des1gn 
and procedures for cleaning and degassing. A detailed 
description of the apparatus and the exper1mental procedure 
is given elsewhere [9]. 
Estimated uncertainties 1n exper1mental measurements are 
0.1 K in temperature and less than 0.001 in mole fraction. 
It should be noted that the uncertainty in the solute mole 
fraction depends (among other variables) on the amount of gas 
required (for a given mole fraction), which, 1n turn, depends 
on the solvent molecular weight. The lower the molecular 
107 
we1ght of the solvent, the higher is the amount of gas needed 
for a given composition, and thus the better 1s the estimated 
uncertainty in the solute mole fraction [9]. The est1mated 
uncerta1nties in the measured bubble point pressures depend 
on the steepness of the p-x relation and are of the order of 
' 
0.35 bar (5 psia) [9]. 
Materials 
The methane had a stated pur1ty of 99.97+ mol% and was 
supplied by Matheson. Cyclohexane and trans-deca11n were 
from Aldrich Chemical Company with quoted purities of 99+ 
mol%. No further purification of the chemicals was 
attempted. 
Results and Discussion 
The experimental data (presented in Tables I and II) 
have been correlated us1ng SRK and PR cub1d equation of 
state. Opt1mum binary 1nteract1on parameters were obta1ned 
by minimizing the sum of squares of pressure deviat1ons from 
the experimental values. The detailed procedure for data 
' reduct1on is given by Gasem [11],. The input parameters of 
the pure components (acentric facto~s, cr1tical temperatures 
and critical pressures) required by the SRK and PR equations 
of state, together with the literature sources are presented 
in Table III. 
Figures 1 and 2 show the effects of temperature and 
pressure on methane solubility (liquid phase mole fraction of 
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the solute) . For a g1ven total pressure, solub1lity of the 
gas decreases w1th 1ncreas1ng temperature which 1s the same 
behav1or observed for carbon dioxide and methane solubilit1es 
in heavy normal paraffins [11,9]. 
The effect of molecular weight of the solvent on the gas 
solubility is displayed in Figure 3. For a given temperature 
and pressure,, solubility of the gas increases with decreas1ng 
molecular weight of the solvent. 
The equation-of-s~ate representations of the 
solubilities for the systems under study are documented 1n 
Tables IV and v. The Peng-Roblnson (PR),equation of state 1s 
capable of describing the data with RMS. errors within 0.002 
in mole fract1on w~en a single 1nte,ract1on parameters, C;J, 
is used over the complete temperature range of the systems 
studied. Using an additional interaction parameter, D;J, in 
PR equation produces no further 1mproyements as shown in 
Tables IV and V for the case of temperature-independent 
interaction parameters. In contrast, the SRK equat1on of 
state does not represent the data as well and, as shown 1n 
Tables IV and V, the PR equation with one parameter 
represents the data better than the SRK equation with two 
parameters. When two parameters are fitted to each isotherm, 
the RMS errors are less-than 0.0005 and the two equat1ons 
give comparable representation of the data. These results 
illustrate both the ability of the equat1ons of state and the 
precision of our reported data. 
Compar1sons of our results with those reported by 
L 
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var1ous 1nvestigators appear 1n Figures 4-11. The 
comparisons are shown in terms of deviat1ons of the 
solub1lities from values predicted us1ng the PR equat1on of 
state [2]. The available literature data for methane+ 
cyclohexane are reported at temperatures dlfferent 
from ours. Therefore; the prediction of solubilit1es 1s 
performed using temperature independent parameters, C;j and 
O;j, obtained from our data. 
Comparisons for methane + cyclohexane are shown in 
Figures 4 and 5. Good agreement (solub~llty deviat1on with1n 
0.002) is observed between the present data and those of 
Reamer [12] at temperatures 160; 220, and 280°F. However, 
the agreement is not as good at 100 and 340°F, as shown 1n 
Figure 4. Excellent agreement 1s observed between th1s work 
and that of Schoch, et al. [13], at 220°F, since solubil1ty 
dev1ation is within 0.001 (Figure 5). Sign1ficant 
d1sagreement, however, 1s observed at 100 and 160°F as shown 
1n Figure 5. Not much can· be sa1d regard1ng the d1sagreement 
with those data of Sage [14] which are outs1de the range of 
pressure of th1s study. For methane+ trans-decalin, no 
literature data are available for comparisons~ the ability of 
the equation of state to represent our data is d1splayed in 
Figure 6. 
The effects of temperature on Cij and O;j for methane + 
cyclohexane, when regressed s1multaneously, are shown in 
Figure 7. The standard deviation (uncertainty) of any 
) 
optimized parameter (whenever of adequate magnitude to be 
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shown) 1s shown on the figures. The parame~ers exh1b1t a 
minimum at a temperature around 170°F, which 1s the same 
behavior observed when only one parameter, C;J is regressed 
holding the other, O;j, constant (zero in this case) as 
Figure 8 shows. The same trend is observed for the parameter 
C;J regressed from Reamer's data (Figure 8). Also shown are 
the correspond1ng RMS predict1on errors of our data and those 
of Reamer over the same pressure range. The h1gh precis1on 
of the present data is evident from F1gure 8. 
When C,J and D;J for methane + trans-decalln are 
regressed simultaneously, the two parameters exhibit 
opposite behaviors with temperature~ While DiJ shows a 
minimum , C;J exhibits a maximum as indicated in Figure 9. 
Simpler dependence of C;J on temperature, for methane + t-
decalin, is observed when only C;J is optim1zed. In this 
case, C;J shows a monoton1c beh~vior with temperature as is 
shown 1n Figure 10, indicating a certain degree of 
correlation between C;J and D;J. The sens1t1v1ty of C;J and 
the corresponding RMS errors 1n solubility to changes 1n O;j, 
for methane + cyclohex1ane and methane + t-decalln, are shown 
in Figures 11 and 12. The rate of change of Cij w1th respect 
to O;j is almost the same (-1.7) for different temperatures. 
More importantly, the sharp minima in the RMS vs,O;j plot for 
methane + cyclohexane 1s indicative of a hlgh sensitivity of 
the model (SRK) to the 1nteraction parameters. The 
sensitivity is less severe for methane + t-decalin as 
revealed by the shallow minima in Figure 12. 
1 1 1 
The 1nfluence of the chemical structure of the solvent 
on the parameter CiJ 1s shown 1n F1gure 13. C;J assumes 
higher values with h1gher molecular we1ght solvent wh1ch is 
expected. 
Conclusions 
Data have been obta1ned on the solubility for methane+ 
cyclohexane and methane+ trans-decalin at temperatures from 
323 to 423 K (122 to 302°F) and~pressures to 895 bar (1400 
psia). These data are well descr1bed by the Soave-Redl1ch-
Kwong and Peng-Robinson equations of states. These results 
can be of value in establishing ~quation-of-state interac~ion 
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Table I (Cont1nued) 
Solub1l1ty Data of Methane in Cyclohexane 
Mole Fraction Bubble Point Pressure 
Methane bar (psi a) 
423.2 K ( 150 • 0° C, 302'. 0° F) 
0.027 16.0 ( 232) 
0.051 25. 1 
' 
( 365) 
0.065 30.4 ( 441) 
0.075 35.0 ( 508) 
0.088 40.1 ( 582) 
0. 101 45.0 ( 653) 
0.129 56.4 ( 818) 
0.151 65.2 ( 945) 
0.176 75.4 ( 1094) 
0.201 85.9 ( 1246) 




Solubility Data of Methane 1n t-Decalin 
Mole Fraction Bubble Point Pressure 
Methane bar (ps1a) 
323.2 K (50 • 0° C 7 122.0° F) 
0.026 ,8. 9 ( 129) 
0.050 17.5 ( 253) 
0.075 26.6 ( 385) 
0.100 36~7 ( 532) 
0.134 50. 1 ( 726) 
0.150 57.3 ( 832) 
373.2 K (100.0°C, 212.0° F) 
0.050 2_0.4 ( 296) 
0.100 42.0 ( 609) 
0.120 51.1 ( 741) 
0.150 65.7 ( 953) 
0.170 75.3 ( 1092) 
0.180 81.1 (1176) 
0.200 91.1 ( 1322) 
423.2 K ( 150 • 0° C 7 302.0° F) 
0.030 13.5 ( 196) 
0.075 33.9 ( 492) 
0.100 46.0 ( 667) 
0.127 58.6 ( 850) 
0.135 63.0 ( 914) 
0.176 83.6 (1213) 
0.200 96.2 (1396) 
Table III 
Critical Properties and Ac~ntric Factors Used in the 
SRK and PR Equat1ons of State 
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Component Pressure Temperature Acentric Reference 
(bar) (K) Factor 
Methane 46.60 190.5 0.011 15 
Cyclohexane 40.66 553.4 0.213 16 
t-Decalin 29.08 681.5 0.286 16 
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Table IV 
SRK and PR Equation-of-State Representat1ons of 
Solubility of Methane 1n Cyclohexane 
Temperature 
K (° F) 
323.2 (122.0) 
373.2 (212.0) 
423. 2 ( 302. 0) 
323.2, 373.2 
423.2 













































for the SRK and PR EOS 
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Table V 
SRK and PR Equation-of-State Representations of 
Solubility of Methane in t-Decalin 
Temperature Soave 
K (° F) (P-R 
C12 























423.2 (302.0) 0.079 0.007 0.0002 0.0004 
(0.080) (0.006) 
0.098 0.0005 0.0007 
(0.095) 
323.2, 373.2 0.115 -0.011 0.0022 0.0037 
423.2 
(0.102) (-0.005) (0.0014) (0.0023) 
0.087 0.0023 0.0039 
(0.088) 0.0014 (0.0024) 
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CHAPTER VIII 
BINARY VAPOR-LIQUID PHASE EQUILIBRIUM FOR 
METHANE + AROMATIC SOLVENTS 
Abstract 
Binary solubility data are presented for methane in four 
aromatic hydrocarbons at temperatures from 323 to 433 K 
(122 to 320°F) and pressures to 113 bar (1640 psia). The 
' ' 
solvents studied are benzene,. naphthalene, phenanthrene and 
pyrene. Data for methane + benzene are in reasonable 
agreement with the earlier measurements of Sage. Excellent 
agreement is observed between our· data and those of Malone 
for methane + phenanthrene.. The new data can be described 
with RMS errors of·o.001 in mole fraction by the Soave-
Redlich-Kwong (SRK) and Peng-Robinson (PR) equations of state 
when one interaction parameter is used over the complete 
temperature range for each of the systems studied.' Henry's 
constants and partial molar volumes at infinite dilution are 





The global energy s1tuation has prompted 1ncreas1ng 
efforts to investigate alternative forms of 11QU1d fuels such 
as coal deri~ed syncrudes. Multiple Rhases are present in 
essent1ally all stages of feed,preparation, convers1on 
reactions, and product separation. For example, dur1ng the 
1nitial stages of coal dissolution in a coal-derived recycle 
so 1 vent, many 1 i ght gases are produced ('e.g. ,, CH4 , CO, C02 , 
H2 S, H2 0, NH3 , and C2 -Cs ) - [ 1 ] . The effective des 1 gn and 
operation of such conversion processes reQui·re accurate 
knowledge of the phase behavior.of the fluid mixtures 
encountered. Studies of the sol~bilities of light gases 1n 
heavy hydrocarbons, are also of interest in the process1ng of 
petroleum products, enhanced 01,1 recovery and supercritcal 
fluid processes. Moreover, such studies are essential in the 
development and evaluation of solution theories. 
Prev1ously, we have reported and analyzed data on the 
solubility of carbon d1oxide and ethane in a series of heavy 
hydrocarbons [2-6]. We have also recently completed an 
exper1mental study on the solubility of methane in a ser1es 
' ,' 
of hydrocarbon solvents (paraff~ns, naphthenes, and 
aromatics). Data on -methane solubil1ties 1n heavy normal 
' ' 
paraffins and in naphthenes have been reported previously 
[ 7]. In the present work, so 1 ubil i ty da.ta for methane in 
binary systems with benzene, naphthalene, phenanthrene and 
pyrene are presented and correlated us1ng the SRK [8] and PR 
[9] equations of state. Solub1lit1es were measured at 
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temperatures from 311 to 423 K (122 to 320°F) and pressures 
to 113 bar (1640 psia). These data complement the ava1lable 
literature data and should prove useful in the development 
and testing of correlations describ1ng the phase behav1or of 
multicomponent systems involving methane. 
Experimental Section 
Apparatus and Procedure 
The experimental apparatus used in this study is a 
modif1ed version of the apparatus used by-Raff [6]. A 
detailed description of the apparatus and the exper1mental 
procedure is given elsewhere [7]. 
Estimated uncertainties in experimental measurements are 
0.1 Kin temperature and l~ss than 0.001 i~ mole fract1on. 
The uncerta1nty in the measured bubble po1nt pressure depends 
on the steepness of the p-x relation and is of the order of 
0.35 bar (5 ps1a) for methane+ benzene and 0.70 bar 
(10 psia) for the binary mixtures of methane 1n naphthalene, 
phenanthrene, and pyrene [7]. 
Materials 
The methane had a stated purity of-99.97+ mol% and was 
supplied by Matheson. Benzene was suppl1ed by J. T. Baker 
Chem1cal company and had a .pur1ty of 99.8+ mol%. Naphthalene, 
phenanthrene and pyrene were from Aldrich Chem1cal Company 
with quoted purities of 99+, 98+, and 99+ mol%, respect1vely. 
No further purification of the chem1cals was attempted. 
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Results and Discussion 
The exper1mental results appear in Tables I-IV. 
Differences in the lowest temperatures at which the systems 
were stud1ed were dictated by tpe melt1ng po1nts of the 
solvents, which are solids at room temperature (except for 
benzene). 
The experimental data are correlated us1ng the SRK [8] 
and PR [9] cu.bic equations of state. Optimum binary -
1nteraction pa'rameters were obta1ned by- minim1z1ng the sum of 
squares of pressure deviations from the expenmental values. 
'- ' 
Detailed procedure for data reduct1on is given by Gasem [10]. 
The input parameters of the pure components (acentric 
factors, critical temperatures and cr1tical pressures) 
required by the SRK and PR equations of state, together w1th 
the literature sources, are presented in Table V. 
Figures 1 and 2 show th~ ~ffects of temperature and 
pressure on methane SOli,Jbi 1 ity ( 1 iqUld 'phase mole fraction of 
methane) . The solub1lity of methane 1n these aromat1c 
hydrocarbons exhibits very weak dependence on temperature as 
Figure 2 reveals for the solubility of methane 1n naphthalene 
and phenanthrene. 
Figure 3 shows that the Soave 1nteract1on parameter, 
Cij, for these systems i~ relat1vely 1risens1t1ve to 
temperature. Figure 4 shows the effect of chemical structure 
on the lumped Soave interaction parameter, Cij, (1.e., when a 
single value for Cij is used over the complete temperature 
range of each system). A linear dependence of Cij on the 
138 
chem1cal structure is observed. However, the values of the 
interact1on parameter, C;j, are strongly influenced by the 
crit1cal propert1es employed 1n the EOS prediction. For· 
example, when the value of the acentric factor of pyrene was 
taken as 0.344 (as reported 1n Ref. 23) the opt1mum C;j was 
found to be o. 41 as compared to ,C; J. of 0. 15 for an acentric 
. . 
factor of 0.83 used in this stud~ [24]: Nonl1near deoendence 
of C;J on chemical structure w~s.not1ced for-ethane and C02 
in the same solvents suggesting that thlS variation may be a 
resu 1 t of the pure-.substance parameters used in the EOS { 1 n 
partlcular those 'parameters which must be estimated). 
Equation-of-state representati~ns. of the solubillties 
for the systems under study are documented in· Tables VI-IX. 
In general, the SRK and PR equations are capable of 
describing the data with RMS errors of 0.0005 in mole 
fraction when a single interaction parameter, C;J, is used ,, 
over the comp late temperature' ·r:-ange. Methane·+' benzene 1 s an 
except1on;, the- RMS error is .0 . .0013 in mole fract1on. For 
methane solubility jn benzene, improved equatlon-of-state 
predictions are realized (RMS = 0.0008) when an add1t1onal 
parameter, Dij, i~ u~ed, as indicated Q~ res~lts given in 
Table VI. 
compar1sons of our results with-those of var1ous 
investigators appear 1n Figures 5-9. The comparisons are 
shown in terms of deviat1ons of the solubilities from values 
pred1cted using the SRK [8] equation of state.· Interaction 
parameters, CiJ or C;J and O;j, employed in the •quation-of-
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state predictions were obta1ned bY, f1tting our data over the 
complete temperature range of the system under study. The 
comparisons for the methane + benzene system are shown 1n 
Figures 5 and 6. 
Reasonable agreement (solubility dev1at1ons are with1n 0.004) 
' ' 
1s observed between our result and those of L1n, et al. [11] 
at 298°F (Figure 5). The best agreement observed 1s between 
the results of this work and t~oa~ Sage, et al. [12] at 160 
(Figure 6), where the solubility deviations are w1thin 0.001. 
However, signlficant disagreement with Elbishlaw1 and Spencer 
[13], Legret, et, al., [14], and Schoch, et al. [15] are seen 
in both figures. 
Figures 7 and 8 show compartsons for methane + 
phenanthrene. These comparison~ are shown in terms of both 
solubility deviations' (Figure 7) and pressure dev1ations 
(Figure 8). Inter~ction parameters employed 1n the equation-
of-state solubility prediction were obtained by fitting the 
data of Malone and Kob~yash~ [16], s1nce t~eir data cover a 
wider range of pressures than do ours. The agreement between 
the two data sets 1s excellent. The max1mum pressure 
dev1ation is shown to be w1thin 10 psia, wh1ch is w1th1n the 
experimental error of 'the measured bubble point pressure [7]. 
Comparable solubility differences (Figure 7) are no greater 
than 0.0005. 
For methane + naphthalene and methane + pyrene, no 
previous data are ava1l~ble for comparisons. The ab1lity of 
the SRK and PR equations of state to precisely represent 
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these data is illustrated by Figures 9-11. The low scatter 1n 
pressure and solub1lity dev1at1ons illustrate the high 
precis1on of the present data. 
Krichevsky-Kasarnovsky Analysis 
In the range of methane.mole fract1ons reported in th1s 
study, the binary solubilities of methane in naphthalene, 
phenanthrene and pyrene are represented within 0.0002 mole 
fraction by the K~ichevsky-Kasarnoviky (KK) equat1Gn (17] 
(variables are exp'l a ined in the. ·:List of Symbols"): 
ln(fCH4/XCH4) = ln(HCH4 ,PHC) + (VCH4/RT)(P-PHC) (1) 
Values of the methane fugacity; fcH4 ," requ1red for the KK 
equation were obtained using Bender's equation of state for 
methane [18], since the vapor is essentially pure methane. 
The solubility data of methane + benzene were excluded from 
th1s analysis because of the apprec1able vapor pressures of 
benzene at the reported temperatures. 
The Henry's constants and the 1nfin1te-d1lut1on 
partial molar volumes of me'thane regressed from solubil1ty 
data of th1s work and other investigators, using equat1on.1 
above, are presented in Table X and F1gures 12 and 13. 
The standard deviat1on of any optimized parameters (Whenever 
of adequate magnitude to be shown) is shown on the .f1gures. 
Henry's constants of this work agree, w1thin 5 bars, with 
those of Malone [16] (Figure 12). Also, the partial mo1ar 
volumes regressed from the solubility data of this work and 
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Malone [16] are w1th1n the reported uncerta1nty as F1gure 13 
shows. Care, however, should be exerc1sed 1n attr1but1ng 
physical s1gnificance to these results~ 1n part1cular the 
part1al molar volumes which ar~ known to be less accurate 
than the correspond1ng Henry's constants. 
Conclusions 
Data have been obtained for the solubil1ty of methane in 
each of the aromatic solvents ~enze~e, naphthalene, 
phenanthrene, and pyrene at temperatures from 323 to 433 K 
(122 to 320°F) and pressures to 112 bar (1640 psia)~ These ,, ' 
. ' ' 
data are well described by the Soave-Redl1ch-Kwong and Pang-
Robinson equat1ons of state and by ·the' Krlchevsky-KasaTnovsky 
equation. These results will ·b~ of value 1n establish1ng 
equation-of-state interact1on parameters for light·gases in 
heavy hydrocarbon solvents. 
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( 150.00 C, 
Bubble Po1nt Pressure 
bar (psia) 
302.0° F) 
20.5 ( 297) 
22.2 ( 321) 
34.2 ( 496) 
43.8 ( 636) 
59.2 ( 859) 
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Solub1lity Data for Methane in Phenanthrene 
Mole Fract1on 
Methane 
Bubble Point Pressure 
bar , (psia) 








































Solub1l1ty Data for Methane 1n Pyrene 
Mole Fract1on Bubble, Point Pressure 
Methane b~r (PSla) 
433.2 K ( 160 • 0° C, 320° F) 
0.020 23'~ 5 ( 341) 
', 
0.035 42.3 ( 614) 
0.049 ~Q.'4 ( 875) 
0.060 75.8 ( 1099) 
0.070 89-.7 ( 1301 ) 
0.075 97. 1 ( 1408) 
0.086 113.0 (1639) 
Tat?le V. 
Crltical Properties and Acentr1c Factors used 1n the 
SRK and PR Equ'a't 1 ons of State 
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Component Pressure Temperature Acentr1c · Reference 
(bar) (K) Factor 
Methane 46.60 190.'5 o'. o 11 19 
Benzene 48.98 561.7 0.225 20 
Naphthalene 41. 14 748.4 0.315 21 
Phenanthrene 33.0 873.2 0.540 22, 
Pyrene 26.0 938:2 0~8308 23 
a Ref. 24 
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Table VI 
SRK and PR Equatlon-of-State Representations of 
Solubility of Methane 1n Benzene 
Temperature Soave Parameters Error 1 n Mole Fract1on* 
K (° F) (P-R Parameters) (Error in Pressure,bar) 
C12 D12 RMS MAX 
323.2 (122.0) 0.033 0.022 "'0.0002 0.0004 
(0.12) (0.23) 
(0.036) (0.027) 
0.073 0. 0010, 0.0017 
(0.63) (1.27) 
(0.083) 
373.2 (212.0) 0.026 0.023 0.0001 0. 0001' 
(0.04) (0.06) 
(0.031) (0.026) 
0.067 0.0009 0.0012 
(0.51) (0.72) 
(0.074) 
423.2 (302.0) 0.037 O.Ot7 0.0002 0.0004 
(0.12) (0.23) 
(0.039) (0.019) 
0.067 0.0005 0.0008 
(0.26) (0.44) 
(0.070) 
---------------________________ """':" ________________ . _____________ 
323.2, 373.2 0.024 ' 0. 026- 0.0008 0.0014 




0.071 0.0013 0.0029 
(0.74) ( 1. 72) 
'( 0. 079) 
* Errors are essent1ally identical for the SRK and PR EOS 
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Table VII 
SRK and PR Equatlon-of-State Representat1ons of 
Solub1l1ty of Methane 1n Naphthalene 
Temperature 
















0.093 0. 003. 




Error in Mole Fract1on* 


















SRK and PR Equat1on-of-State Representations of 
Solub1lity of Methane in Phenanthrene 
Temperature Soave Parameters Error in Mole Fraction* 
K (oF) (P-R Parameters) (Error 1n. Pressure,bar) 
C12 012' RMS MAX 
383.2 (230.0) 0. 131 -0.001 0.0001 0.0002 
(0.15) (0.25) 
( 0. 125) (0.004) 
0.125 0. 0001- 0.0002 
(0.15·) (0.2.1) 
( 0. 142) 
423.2 (302.0) 0. 120· 0.001 0.0002 0.0003 
(0.21) (0.31) 
(0.119) (0.005) 
0 .· 127 0.0002 0.0003 
(0.21) (0.34) 
( 0. 142) 
383.2, 423.2 0.126 -0.000 0.0002 0.0005 
(0.30) (0.59) 
(0.123) (0.004) 
0.126 0.0002 0.0005 
(0.30) (0.59) 
( 0. 142) 
* Errors are essentially ident1cal for the SRK and PR EOS 
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Table IX 
SRK and PR Equat1on-of-State Representat1ons of 
Solub1lity of Methane 1n Pyrena 
Temperature Soave Parameters Error 1n Mole Fraction 
K (° F) (P-R Parameters) 
C12 012 RMS MAX 
433.2 (320.0) 0.124 0.006 0.0001 0.0002 
( 0. 1 26) (0.009) 
0.159 0.0002 0.0004 
( 0. 180) 
Table X 
Henry's Constants and Infinite-Dilution Partial Molar 
Volumes for Methane 1n Aromatic Hydrocarbons 
Temp. Ref. Henry's Const. Part1al Mol. 
K bar Vol. cma/g-mole 
Naphthalene 
373.2 This Work 77·0 ( +4 )* 338 (+50)* 
423.2 This Work 780 (±2) 350 (±25) 
Phenanthrene 
383.2 This Work 1006 (±4) 
423.2 This Work 1013 (+3) 
398.2 16 1019 (+2) 
423.2 16 1019 t+4) 
448.2 16 1014 (±2) 
433.2 This Work 1152 (+4) 
495 (±30) 
530 (+25). 





* Standard deviat1on of estimated parameters 
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CHAPTER IX 
CORRELATION OF METHANE SOLUBILITIES IN NORMAL 
PARAFFINIC AND AROMATIC SOLVENTS 
Abstract 
The ability of the Soave-Redlich-Kowng (SRK) and Pang-
Robinson (PR) equ•tions of state (EOS) to represent the phase 
behavior of binary mixtures of methane + n-paraffins and 
methane + aromatics h~s been evaluated. In this ev~luation, 
our experimental ,data on the solubility of methane in five 
heavy n-paraffins (n-C1o, ,n-C2o, n-C2a, n-C3a and n-C44) and 
four aromatics (benzene, naphthalene, phenant~rene,, and 
pyrene), together with data from the literature, are used. 
Optimum interaction parameters are presented for each system 
considered for a variety of cases ranging from using a single 
interaction parameter, Cij, to represent the full database to 
the most detailed ~ase of employing two interaction 
parameters, Cij and Dij ,·for each isotherm in each specific 
system. 
Based on methane + n-paraffins data base, a new correla-
tion for the covolume parameter,b, in the SRK and PR EOS has 
been developed to account for molecular size and temperature 
effects. By employing a single value of the interaction 
169 
170 
parameter, Cij, the SRK and PR EOS, using the new correlat1on 
for b, predict the bubble point pressures of methane + 
n-paraffins extending from C3 to n-C44 (n-tetratetracontane) 
with a root mean square error, RMSE, of 1.2 bar and absolute 
average deviation, AAD, of 0.80 bar. Other cases of general-
ization of the SRK and PR EOS parameters are also presented 
for methane +n-paraffins and methane + aromat1cs. For 
methane+ naphthenes no generalization 1s made because of the 
lack of sufficient data. 
Introduction 
For process design and optimizat1on calculations, phase 
behavior is most conveniently d~scribed ln terms of closed-
form analytic models. Essentially all state-of-the-art 
models (includlng equations of state (EOS) and activity 
coeffic1ent models) for p~~se behavior contain one [1,2], two 
[3] or three [4] interaction para~eters to account for unlike 
molecular pa1r interact1ons. These ''emp1r1cal" interaction 
parameters have a.dramatic effect on the predicted propert1es 
of m1xtures and are thus required for accurate predict1ons. 
In most insta~ces, successful modelling_of the behav1or 
of complex mult1component m1xtures requires accurate 
informat1on on the pure compounds and on the b1nary 
interactions that exist between the different molecular 
species. Experimental measurements made on systemat1cally 
chosen binary mixtur~s can be used to evaluate interaction 
parameters and, more importantly, furnish the basis for 
1 71 
generalizat1on of the parameters to allow 1nterpolat1on (and 
perhaps extrapolat1on) to other solvents in the same 
homologous series. Such generalizations are part1cularly 
important [5,6,7] since complete studies of all poss1ble 
solute/solvent pairs are obviously infeasible. 
Toward this end, we have previously reported and 
analyzed data on the solubility of carbon d1oxide, ethane and 
methane in a series of hydrocarbons [5-9]. The purpose of 
the present work is to evaluate the abil1ty of the SRK [1] 
and PR [2] equations of state to represent the phase behavior 
of binary systems cqntaining methane. Accordingly, our 
solubility data for methane+ hydrocarbons [9], together with 
data from the literature, have been used to prov1de optimum 
interaction parameters for the SRK and PR equat1ons of state 
and to present generalized correlations for such parameters. 
Data Bases Used 
Methane + n-Paraffins 
Binary mixture data for methane + heavy n-paraffins 
acquired at Oklahoma State Univers1ty [9], together with 
literature data for solvents of lower carbon number, were 
used in th1s study. Table I presents the database, together 
> 
with the literature sources, cover1ng n-paraffins from Ca to 
n-C44. All data were used as isothermal -P-x measurements, 
1.e., the bubble point pressure as a function of solute 
liquid mole fraction, x1 (or, alternatively, the solubil1ty 
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of the solute as a funct1on of pressure). The temperature 
range covered extends from 100°F to about 400°F and pressures 
to 100 bar. No internal cons1stency tests were attempted to 
screen the database; instead, however, pressure prediction 
us1ng the SRK EOS, employ1ng two ~nteract1on parameters (Cij 
and Dij ), per 1sotherm was compiled and exper1mental data 
points having a dev1ation Qf 2.5 times the RMSE or more were 
considered as outliers and deleted from the data base. 
Methane + Aromatics 
Binary solubil1ty data for methane in aromat1cs wh1ch 
were acquired at Oklahoma State University [9], complemented 
with literature data on methane solubilit1es 1n aromatics, 
constitute the second database (shown in Table II) used 1n 
this study. This database was used in the evaluation of the 
SRK optimum interaction parameters. The temperature range 
covered for these systems extends from 100°F to 450°F and 
pressures to 100 bar. Outlier experimental data po1nts were 
deleted as mentioned above. 
The pure fluid properties used in this work are g1ven in 
Table III. 
SRK and PR Equations of State 
Two equations of state used widely in industry are the 
Soave-Redlich-Kwong {SRK) [1) and Peng-Roblnson (PR) [2] 
equations, which are explicit in pressure and cubic in 
volume. Correlation of binary phase behavior data of methane 
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+ hydrocarbons en-paraffins and aromat1cs) was carr1ed out 
in terms of these two EOS. A modified vers1on of SRK and PR 
EOS 1s proposed for the purpose of correlation of phase 
behav1or data of heavy solvents. 








a(T) = ac .a(T) 
b = 0.08664 RTc/Pc 
ac = 0.42748 R2Tc2 /Pc 
a(T)1/2 = 1 + k(1- T.-112) 
k = 0.480 + 1.574 w- 0.176 wz 





V(V+b) + b(V-b) 
where a(T) and b are given as 
where 
a(T) = ac .a(T) 
b = 0.0778 RTc/Pc 
ac = 0.45724 R2 Tc2/Pc 
a(T)1/2 = 1 + k(1- T.-112) 












k = 0.37464 + 1.54226 w- 0.26992 w2 (12) 
To apply the SRK or PR equat1ons of state to m1xtures, 
the values of a and b can be determ1ned us1ng the mix1ng 
rules 
a.. = I I Z; Zj ( 1 - 'C; j ) ( ai aj )1/2 
bm = 0. 5 I I Zi Zj ( 1 + 0; j ) ( b; + bj ) 
One of our ob~ectiv,es in this work was to present 
generalized values or expressions for the 1nteraction 
parameter, C;j, in Eq. 13 for both SRK and PR EOS. Also, 
general i zat1on was carried 'out: for a mod1fied vers.1on of 
SRK and PR EOS. 
( 13) 
( 14) 
The modification of SRK and PR EOS proposed in this 
study involves the covolume parameter "b" appearing in Eqs. 3 
and 9 above. This modification is purely emp1rical and 
introduced solely for convenience 1n representing a whole 
body of data. The covolume parameter "b" is treated here as 
temperature and acentr1c factor dependent (ln a parallel 
fashion to the definition of a(T) in Eq. 8) as follows: 
b(T) = be .(3{T) 
(3(T)1/2 = 1 +'m(1- Tr112) 
m = Ba + B1W + B2w2 
be = (constant) RTe/Pe 
(15) 
(16) 
( 1 7 } 
( 18) 
This modification was found to represent· the data of methane 
+ n-paraffins better than incorporat1ng the effects of 
temperature and molecular size in C;j even 1f more adJustable 
175 
constants were used in the C;j correlation. The coeffic1ents 
in Eq. 17 are determined in this work by utilizing binary 
solubility data and they are specific to the database from 
which they are derived. 
Data Reduction Procedure 
Since much of the available data is in T-P-x form (no 
vapor phase measurements), only the measured properties T, P, 
and x were used- in the data reduction procedure. If 
uncertainties in the temperatu.r·e measurements are assumed to 
be negligible, the following weighted-least-square objective 
function, SS, is appropriate for the evaluation of EOS 
parameters: 
SS = I [ (Pi e a 1 e · - Pi • x p ) / OP i ]2 (19) 
where Pexp is the exp~rimental bubble point pressure, Peale 
is the calculated bubble point pressure, i denotes the 
particular data point, n is the total number of data points 
and 
(OP )2 : ( EP )2 + (dP/~X)~ (Ox )2 (20) 
To calculate the overall uncertainty in a given bubble 
point pressure, OPi, an estimate' for the uncertainty in the 
pressure measurements, EPi, and in the mixture mole fraction, 
ox;, are required in Eq. 20. Although such estimates are 
available for our data [9], adequate information is not 
available for all data sets used, so an equal weight was 
176 
ass1gned to each data point, i.e. OPi = 1. A Marquart [10] 
non-l1near regression procedure was used in the calculations. 
Details regar_ding the data reduction procedure are presented 
elsewhere [11]. 
Model' Evaluation 
Seven _different models were examined in this study. 
' ' 
These are pr~sented in' Table IV where a systematic 
progression in complexity of the models is evident. These 
evaluations were performed using the SRK EOS;_ however, the 
conclusions drawn here apply equally well to the PR EOS where 
an equivalence of -th~ phase behavior predictions from the two 
equations has been -observed [9-,12,13]. The generalization of 
the EOS parameters, (discussed later), was performed for both 
the SRK and PR EOS. 
Table V presents a summary of results for the cases 
described in Table IV, where definitions of the statistical 
quantities used to evaluate the results are given in the list 
of symbols. The overall model stat1stics are given for the 
bubble point pressure predictions for the .seven ca'ses, for 
both methane + n-paraff ins and methane + aromat'i cs-. A 1 so, 
given in Table V is the RMSE in the predicted mole fraction 
when the interaction parameters are set at their optimum 
values for each evaluati~n case. 
To initiate the evaluation the raw ability of SRK'EOS 
(Case 1 in Table IV; CiJ = DiJ = O) was assessed. Whereas 
reasonable representation was obtained for ethane + 
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n-paraffins (RMSE = 1.4 bar and %AAD =5) [14], methane+ 
n-paraffins exhibit s1gnificantly larger deviat1ons for the 
binary systems considered (RMSE = 6.0 bar, and %AAD = 10.5) 
as Table V shows. The inadequacy of the "raw" SRK predict1on 
is also obvious from the 0.022 RMSE in mole fraction. For 
methane + aromatic solvents the SRK EOS with no interaction 
parameters predicts bubble point pressures poorly (RMSE = 
14.3 bar and %AAD = 20.8). This illustrates that appl1cation 
of the SRK (or PR) EOS to predict phase behavior of methane + 
hydrocarbons could lead to s1gn1ficant errors when no 
1nteract1on parameters are used. 
Case 2 in model evaluat1on (Tables IV and V) addresses 
the improvements realized when a s1ngle interact1on parameter 
(applied to all b1nary systems) 1s considered. The results 
of th1s case 1ndicate marginal improvement in the pred1ct1ve 
ability of the SRK EOS over those of case 1 for methane+ n-
paraffins (RMSE = 5.6 bar and %AAD = 8.8). For methane+ 
aromat1cs, however, the 1mprovement is substant1al relat1ve 
to the results of case 1 as signified by more than 60% 
reduction in RMSE in pressure and solub1l1ty pred1ct1on (RMSE 
= 5.3 bar and %AAD = 6.9). 
Sign1ficant improvement in the pred1ctive ability of the 
SRK EOS 1s achieved when two interact1on parameters, C;j and 
O;j, are appl1ed to all b1nary systems (Case 3 1n Tables IV 
and V). More than 50% reduction 1n pressure and solubil1ty 
RMSE, relat1ve to the results of Case 2, 1s obta1ned 
for both methane + n-paraffinic and methane + aromat1c 
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solvents. 
The use of a separate 1nteract1on parameter, C;j, for 
each binary system (Case 4 1n Tables IV and V) 1s the common 
industr1al practice, and 1t defin1tely 1mproves the results. 
Results of Table Vindicate an RMSE of 1.5 bar and %AAD of 
2.7 for methane+ n-paraffins yersus an RMSE of 0.6 bar and 
%AAD of 0.9 for methane + aromat1c solvents. 
The results of methane + n~paraffins 1n this case (Case 4) 
are typ1cal of cub1c EOS representation us1ng a single system 
specific interaction parameter [13,16]. Us1ng two (optimum) 
1nteraction parameters, C;j and O;j, for each binary system 
(Case 5) seems to be unnecessary s1nce the improvement, 
relative to the results of Case 4, is small as shown in Table 
V (RMSE = 1.3 bar for methane+ n-paraffins and 0.5 bar for 
methane + aromat1cs). 
The 1mprovements achieved when the temperature 
dependence of C; j 1s cons1dered (i.e. when a s1ngle C; j 1s 
fitted to each 1sotherm) 1s showri 1n Case 6 (Table IV and V). 
A pronounced 1mprovement 1n the SRK (or PR) EOS pred1ct1on 1s 
obta1ned for methane+ n-paraffins (RMSE = 0.7 bar and %AAD = 
1.5). For methane+ aromatic solvents, however, the 
interact1on parameter, C;j, shows a weak dependence on 
temperature as ev1dent from Table V. Th1s weak temperature 
dependency of C;j was also observed 1n ethane b1nar1es [14]. 
Case 7 of model evaluat1on represents the most detailed 
case where two parameters, Cij and Dij, are fitted to each 
1sotherm. The prediction capability of the SRK (or PR) 1s 
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fully utilized 1n this case where the best poss1ble 
representat1on of the data 1s achieved. However, 1n v1ew of 
the adequacy of predict1on obta1ned in Case 6 for methane + 
n-paraffins and Case 4 ,for methane + aromat1cs, us1ng two 
parameters for,each 1sotherm seems unnecessary. 
Tables VI and VII present the opt1mum interact1on 
parameters, C,j and O;j, for the SRK EOS for, the various 
cases outlined in Table IV. The average expected uncerta1nty 
1n the reported interact1on parameters'(standard deviation of 
the opt1m1zed parameters) var1es from one case to another and 
from one set of data to another depending on the precis1on 
of the respective ~ata set, sensitivity ,of the SRK pred1ction 
to the optimized parameter(s), ard the degree of correlatlon 
between the opt1mized parameters. In general, however, the 
estimated uncertainty ranges from 0.0005 to 0.005 for C;j and 
from 0.0003 to 0.002 for p;j. 
Generalization of Inte~a~tion Parameters (C;j J 
Four different gener~lizat1on procedures (explalned 1n 
Table VIII) are exam1ned in th1s study. The general1zat1ons 
were carr1ed out employ1ng poth the SRK and PR EOS. The 
data base of methane+ n-paraffins used' in the general1zat1on 
of parameters is the same data base employed in the 
' ' 
evaluation cases cons1dered previously. For methane + 
aromatics, however only data of th1s work (Table II) are 
cons1dered here because the available l1terature data are 
not well described by our model. 
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Table IX presents a summary of results for the cases 
descr1bed in Table VIII, where overall model stat1st1cs are 
given for the bubble point pressure pred1ctions for both 
methane + n- paraffins and methane + aromat1cs. 
Case 1 (same as Case 2 in Tables IV and V) 1s presented 
here as the simplest generalization pro~edure where a s1ngle 
1nteraction parameter 1s used to represent the whole set of 
binary systems for each data set. The results of this case, 
although apparently not good, represent a substant1al 
improvement over those of using no interact_ion parameter 
(Case 1 Table V). The optimum 1nteract1on parameter, Cij, 
for methane + n-pa~affins in this case of generaliz~t1on is 
0.0195 for the SRK and 0.0226 for the PR EOS and that for 
methane+ aromatic~ is 0.0965 for the SRK EOS and 0.1076 for 
the PR EOS. 
In the second case of generalization we treat Cij as a 
second order polynomial in acentr1c factor. The lead1ng term 
of this polynom1al 1s set equal to Cijs, the opt1mum overall 
value of Cij (keep1ng ''b" as g1ven or1ginally in the SRK and. 
PR EOS, 1.e., Eqs. 3 and 9) that fits the binary solub1l1ty 
data of methane+ low molecular weight solvents (liQUld 
solvents at room temperature) and thus one value of Cij 8 is 
obtained for each data base. The fixed values of Cij 8 used 
in th1s case are 0.0371 for methane + n-paraffins and 0.0700 
for methane + aromat1c hydrocarbons. The· results of th1s 
case (shown in Table IX) represent substant1al 1mprovements 
over those of Case 1 above (RMSE = 1.9 and 1.5 and %AAD = 3.3 
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and 2.2 for n-parafflns and aromat1cs, respect1vely. 
In the th1rd case of generalizat1on (Table IX), we use 
the interact1on parameter C;js, (defined above), to represent 
its own data base and simultaneously treat "b", the covolume 
parameter 1n the SRK and PR EOS~ as temperature and acentr1c 
factor dependent employ1ng a sim1lar analytical functional1ty 
as that of a(T) (see Eqs. 11 and 16). Figure 1 shows the 
effects of re~uced temperature 'and molecular s1ze on the 
optimum covolume parameter, b, when a common value of the 
interact1on parameter {C;j = C;js) was appl1ed to each 
solvent of the n-paraffins database. Th1s funct1onal1ty of b 
was also found convenient to represent' l1quid dens1t1es [40]. 
Results of this case of generalizat1on show pronounced 
improvement over those of Cases 1 and 2 above for both 
methane+ n-paraffins (RMSE = 1.2, and %AAD = 2.4) and 
methane + aromatics ( RMSE = 0. 6, and %AAD = 1 • 1 )'. 
coeffic1ents of the generalized "m" polynomial (Eq. 17) 
are represented 1n Table X. 
The last case of g~neralizat1on 1s a comb1nat1on of 
cases 2 and 3 above. The same correlat1on obtained in Case 3 
above for the covolume, parameter, b, 1s employed here wh1le 
the interact1on parameter, C;j, 1s correlated as 1n Case 2. 
The regressed coefficients, therefor, are A1 and A2 (since Ao 
= C; j s ) • Results of this case show no 1mprovement over 
those of Case 3 ( RMSE = 1 . 2 and 'o. 6 and %AAD = 2. 5 and 1 . 1 
for n-paraffins and aromat1cs, respect1vely). 
Infer1or results relative to those obta1ned 1n Case 3 
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above were obta1ned from other' cases of generalizat1on; For 
example oolynom1al cor~elat1on of C;j 1n terms of acentr1c 
factor and temperature requ1res more adJUstable parameters to 
give results similar to those of Case 3. Also, no 
improvement (relative to Case 3):was obta1ned by regress1ng 
' ' 
the lead1ng term of C;j polynom1al in Case 4. 
Discussion 
The results obtained for model evaluat1on reveal an 
1ncrease in accuracy which parallels the complexity of the 
models employed. For SRK EOS, a gradual decrease in the RMSE 
in bubble point pressures for methane + n-paraffins, from 6.0 
to 0.3 bar, is obtained 1n goin~ from Case 1 (Cij = Dij = 0) 
I, 
to Case 7 (Cij(T); Dij(T)). Simiiarly, for methane+ 
aromatics the pressure RMSE is reduced from 14.3 to 0.2 bar. 
Such resu 1 ts when expressed as :·norma 1 i zed RMSE" , w 1 th 
respect to the best case (Case'7), NRMSE, show a twenty two-
fold and a e1ghty four-fold reduct1on 1n the observed error 
deviation for methane + n-paraffins and methane + aromat1cs, 
respect1vely (see Table V). 
Regard1ng generalizat1on of SRK and PR EOS interact1on 
parameter, C;j, the simplest and most direct procedure 1S to 
use a single 1nteraction parameter t0 represent the whole set 
of b1naries of the same homologous ser1es. This case of 
general1zat1on (Case 1 in Table VIII), however, 1s not 
capable of representing the phase behav1or of n-paraffins and 
aromatics involv1ng methane as evident from Table IX. 
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Generalizat1on Case 2 represents a comprom1se between 
simpl1city and accuracy where bubble po1nt pressures are 
predicted w1thin 2 bars us1ng a ~1mple polynom1al (second 
order in acentric factor) for C;j. 
Case 3 represents a work1~g strategy of general1zat1on 
regarding accuracy and s1mpli~ity"where' four parameters are 
needed to predict bubble point pressures w1th1n 1.2 bar. The 
developed correlat1ons for the,covolume parameter, b, (one 
for n-parafflns and another for aromatics) are purely 
empirical and are'not recommended for uses other than those 
presented in this work. 
Figure 2 presents the error profile for the first three 
cases of generalizat1on considered' (since Case 4 gave s1milar 
' '• 
results to those of Case 3) 1llustrating molecular, 
size effects on the Quality of 'the prediction. Case 1 is 
shown to work well below n-C2o,after which the RMSE in the 
pred1cted bubble po1nt pressures increases l1nearly w1th the 
carbon number unt1ll 1t reaches about 17 bar for n-C44 
(Figure 2). Results of Case 2 represent substant1al 
improvements over those of Case 1 where the pressures are 
pred1cted with an RMSE less than 4 bar for the whole range of 
carbon numbers. The best results are obta1ned from Case 3 
where the RMSE 1n the pred1cted pr~ssures is below 2 bar. 
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Conclusions 
Our exper1mental data on the solub1l1ty of methane 1n 
five heavy n-paraffins (n-C1o, n-C2o, n-C2a, n-C36 and 
n-C44), and four aromat1cs (benzene, naphthalene, 
phenanthrene, and pyrene), together w1th data from the 
literature, were evaluated using SRK and PR EOS. Reasonable 
representat1on of methane + n-paraffins, extending from C3 to 
n-C44, and methane+ aromatics (RMSE with1n 1.4 .bar for the 
bubble po1nt pressures) requ1res an interaction parameter for 
each b1nary system. For better accuracy (RMSE w1th1n 0.5 
bar) an interact1on parameter for each isotherm is needed. 
Simple generalized correlations for the opt1mum 
interaction parameter, C;j, in SRK and PR EOS were developed. 
W1th the generalized parameter EOS, the bubble point pressure 
could be predicted with an RMSE of 1.2 and 0.6 bar for 
methane + n-paraffins and methane + aromat1cs, respect1vely. 
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List of Symbo"ls 
AAD 
%AAD 
Ao ... A a 
a(T) 
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Bo ... 82 











absolute average dev1at1on, {!jDevj/n. 
percentage absolute average dev1at1on. 
correlation constants for C;j. 
energy parameter in the SRK and PR EOS. 
b1as 1n pred1ct1ons, (!Dev)/n. 
correlatiun constants form 1n Eq. 17. 
binary interaction parameters 1n the SRK and PR 
EOS. , 
overall binary interact1on parameter 
overall b1nary 1nteraction parameter for low 
molecular weight solvents 
parameters dependent on w for SRK and PR EOS. 
number _of data points. 
pressure. 
un1versal gas constan~. 
Root Mean Square Error, [{! (Dev)2/n]2. 


















temperature dependent parameter in Eqs. 5 and 11. 
temperatur~ dependent parameter 1n Eq. 16. 
uncerta1nty in -a :measured or calculated property. 
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X. Coefficients of Cij and m 1n Generalized Polynomials 
for Different Cases of Generalizat1ons. 
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Table I 
Experimental Data for Methane + n-Parafflns 
Used in Th1s Study 
Paraffin Methane Number 
Carbon Temper:-ature Mole Fract1on. Ref. of 
Number, CN Range,oF Range, XCH 4 Po1nts 
3 100 - 190 0.03 - 0.49 17 62 
4 160 - 220 '0 .03 - 0.39 18,19 9 
6 122 - 302 0.01 - 0.39 21 37 
7 100 - 340 0.10 - 0.40 22 12 
8 77 - 302 0.02 - 0.29 20 28 
9 122 - 302 0.03 - 0.31 23 39 
10 100 - 400 0.01 - 0.32 This Work, 24 53 
16 372' 0.08 - 0.32 25 4 
20 122 - 392 0.04 - 0.25 This Work, 26 19 
28 212 - 392 0.05 - 0.30 This Work, 27 18 
36 212 - 392 0.05 - 0.30 This Work, 28 19 
44- 212 - 302 0.05 - ·o. 25 This Work 15 
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Table II 
Experimental Data for Methane + Aromat1cs Used 1n Th1s Study 
Methane Number 
Temperature Mole Fr:action of 
Solvent Range ,oF Ran9e, XCH4 Ref. Points 
Benzene 122 - 302 0.03 - 0. 17 This Work 22 
Naphthalene 212 - 302 0.02 - 0. 10 This Work 12 
Phenanthrene 230 - 302 0.02 - 0.09 This Work 12 
Toluene 300 - 442 0.02 - 0.20 29 7 
m-Xylene 100 ,_ 400 0.04 - 0.22 30 7 
n-Butylbenzene 158 - 212 0.02 - 0 .,14 31 12 
Diphenylmeth- 373· 0.03 -.0.15 32 4 
ane 
Pyrene 320 0.02 - 0 .• 09 This Work 7 
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Table III 
Flu1d Critical Propert1es Used 1n SRK EOS Pred1ct1ons 
Component Critical 

















































































































a Turek, E. A., Amoco Product1on Company, Tulsa, Oklahoma, 
Personal commun1cat1on (1988). 
Case 
1 C; j = 0 
0; j = 0 
2 C; j 
3 C; j , 0; j 
4 C; j 
5 C; j , 0; j 
6 C; j ( T) 
7 C; j ( T) 
0; j ( T) 
Table IV 
Spec1fid cases for Interact1on Parameters 
Used in the EOS Model Evaluat1on 
Oescnption 
The 'raw' ability of the EOS, us1ng one-
fluid mixing ru.les w1th no 1nteract'1on 
parameters; pe'rm1ts predict1on from pure-
component data. 
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A s1ngle value of C;j is used for appl1cat1on 
.to all binary systems. 
, Two 1nteract1on parameters are determ1ned for 
application to all b1nary systems. 
A separate value of C;j is determ1ned for 
each binary system, independent of 
temperature; this is ·the most commonly used 
EOS representation 'in the literature. 
Two 1nteraction parameters are determ1ned for 
app 1 i ca't ion to each b 1 nary systems' 
independent of temperature. 
A separate value of C;j 1s determined for 
each binary system at each temperature; this 
case permits C;j to be temperature dependent. 
A separate pair of. parameters is determ1ned 
for each b1nary system at each temperature. 
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Table V 
Summary of Results for Model Evaluation for Methane + 
Hydrocarbons Using the SRK EOS 
Case 
Number 
Bubble Point Pressure 
RMSE BIAS AAD %AAD 
(bar) (bar) (bar) 
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Methane+ Aromatic Hydrocarbons ............. . 
1 14.27 -11 . 33 11 . 33 20.83 83.9 0.022 
2 5.34 -0. 18 3. 90 6.93 31.4 0.007 
3 1.84 0.14 1.21 2.75 10.8 0.004 
4 0.57 -0.08 0.40 0.93 3.4 0.0011 
5 0.49 -0.01 0.34 0.79 2.9 0.0009 
6 0.42 -0. 10 0. 31 0.77 2.5 0.0008 
7 0. 17 -0.001 0.14 0.37 1.0 0.0003 
a NRMSE = RMSE/(RMSE, Case 7) 
b Solubility is calculated from SRK EOS using the optimum 
interaction parameter(s) (Tables VI and VII) for each case. 
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Table VI 
SRK EOS Opt1mum Interact1on Parameters 
for Methane + n-Paraffins 
Component Case:Number (See Table IV)• 
T(° F) 
4 5 6 7 
C;J Cij D;J Cij, Cij D1J 
C3 0.032 0.035 0.002 
100.0 0.028 0.028 0.000 
130.0 0.039 0.039 0.000 
160.0 0.066 0.066 0.002 
190.0 0.056 0.056 0.000 
n-C• 0.048 0.048 -0.001 
160.0 0.044 0.047 -0.006 
220.0 o·. 056 0.047 0.028 
n-Cs 0.032 0.032 0.000 
122.0 0.043 0.045 -0.001 
167.0 0.037 0.042 0.004 
212.0 0.029 0.029 0.001 
302.0 0.030 0.038 -0.007 
n-C7 0.028 0.025 0.002 
100.0 0.025 0.029 -0.003 
160.0 0.026 0.044 -0.011 
220.0 0.034 0.044 -0.006 
280.0 0.052 0.074 -0.012 
n-Cs 0.043 0.018 0.012 
77.0 0.038 0.042 -0.002 
167.0 0.040 -0.001 0.020 
212.0 0.047 -0.025 0.035 
302.0 0.066 0.007 -0.030 
n-Cs 0.043 0.064 -0.011 
122.0 0.042 0.060 -0.009 
167.0 0.042 0.083 -0.021 
212.0 0.048 0.032 0.008 
302.0 0~041 0.100 -0.029 
n-C1o 0.036 0.068 -0.014 
100.0 0.033 ·0.052 -0.009 
160.0 0.028 0.045 -0.006 
220.0 0.031 0.054 -0.010 
280.0 0.036 0.069 -0.015· 
340.0 0.057 0.061 -0.002 
400.0 0.067 0.084 -0.007 
Table VI (Cont1nued) 
SRK EOS Opt1mum Interaction Parameters 
for Methane + n-Paraffins 
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0.025 0.094 -0.021 
0.009 0.070 -0 .• 012 
-0.072 0.005 -0.011 
-0. 128 0. 0'49 -0.023 
-0.199 -0.084 -0.0121 
a Case 1 : C; j = 0; j = 0 









































Case 3: C;j = 0.069 + 0.002 and O;j = -0.021 + 0.001 
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Table 'VII 
SRK EOS Opt1mum Interact1on Parameters for 
Methane + Aromat1c Hyqrocarbons 
Component 
T(° F) 










































a Case 1: Cij = Oij = Q 












































Case 3: C;j = 0.032 + 0.003 and O;j = 0.0192 + 0.0008 
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Table VIII 
Specific Cases for Generalizat1on of Interact1on 
Parameter, Cij, in SRK and PR EOS. 
Case 
1 C; j = C; j 0 
2 C; j =f(w) 





A single value of C;j 1s determined for 
applicat1on to all b1nary systems (same as 
Case 2 in Table IV) 
C;j is correlated in terms of acentr1c 
factor of the solvent v1a a second order 
polynom1al. The leading term of th1s 
polynomial 1s the optJmum 1nteract1on 
parameter for low molecular weight solvents 
(C;j 9 ). The parameters opt1mized in th1s 
case are A1 and A2 below. 
C;j = Ao + A1*W + A2*w2 
where Ao = c, j s 
C;j 1s set to a prescribed value, C;j 8 , 
(the optimum for low molecular weight 
solvents) while B is considered as a 
function of reduced temperature and 
acentr1c factor. The parameters opt1mized 
in this case are 8a, 81 and 82. 
C; j = Ao = C; j s 
b(Tr;w) = bcG(Tr;w) 
B(Tr)1/2 = 1 + m(1-Tr112) 
m = 8o + 81*W + 82*W2 
This case is a comb1nat1on of cases 2 and 3 
above. The correlat1on found 1n Case 3 for 
b(Tr;w) 1s used 1n combinat1on with a 
second order polynomial for C;j as 1n Case 
_ 2 above. The parameters opt1mized 1n this 
case are A1 and A2. 
C; j = Ao + A1 w + A2 wz ; ( Ao = C; j 9 ) 
6(Tr)1/2 = 1 + m(1-Tr112) 
m = Bo + 81*W + B2*W2 
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Table IX 
Summary of Results for Model Generalization of M~thane + 
Hydrocarbons Us1ng the SRK and PR EOS 
Case Bubble Point Pressure RMSE a 
No. RMSE, bar BIAS 7 bar AAD, bar %AAD 1n Mole 
SRK(PR) SRK(PR) SRK(PR) SRK(PR) Fraction 
..•................ Methane+ n-Paraffins 
1 5.56(5.59) 0.52( 0.64) 
2 1 . 89 ( 1 . 84) 0. ~ 3 ( 0. 17) 
3 1.24(1.27) -0.05( 0.02) 
4 1.24(1.27) -0.02(-0.06) 
3.29(3.22) 







Methane+ Aromat1c Hydrocarbons ............. . 
1 6.05(7.67) -0.49(-0.77) 4.50(5.76) 7.10(9.17) 0.0070 
2 1.46(1.76) -0.31(-0.34) 1 . 16 ( 1 . 42) 2.17{2.60) 0.0016 
3 0.63(0.70) -0.19(-0.25) 0.47(0.52) 1.10(1.25) 0.0011 
4 0.62(0.69) -0.20(-0.23) 0.47{0.52) 1.09(1.25) 0.0011 
a Solub1l1ty 1s calculated from SRK EOS us1ng the general1zed 
1nteract1on parameter(s) (Table VIII) for each case. 
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Table X 
Coeffic1ents of C;j and m Generalized Polynom1als 
for Different Cases of Generalizat1ons 




Ao 0.0371 ( 0.0371) 
A1 0.0646 ( 0.0632) 




Ao 0.0700 ( 0.0700) 
A1 0.3570 ( 0.4008) 




m =. 8o, + 81 *w + 82 *w2 
C; j = Ao + A 1 w + A2 w2 
Case Number (See Table VIII) 
· a· 4 
SRK, (PR) SRK (PR) 
Methane + n-Paraffins 
0.0371 ( 0.0371) 
0.0946 ( 0.0644) 
-0.4129 (-0.3333) 
0.4258 ( ,0.3922) 
Methane + ~romatics 
0.0700 ( 0.0700) 
-0.1650 (-0.2019) 
'' 0. 1282 ( 0. 1334) 
-0.1518 (-0.1788) 
0~0371 ( 0.0371) 
-0.0007 (-0.0001) 
0.0022 ( 0.0015) 
0.0946 ( 0.0644) 
-0.4129 (-0.3333) 
0.4258 ( 0.3922) 
0.0700 ( 0.0700) 
0.4E-4 ( 0.0009) 
-0.6E-5 (-0.0012) 
-0.1650 (-0.2019) 
0.1282 ( 0.1334) 
-0.1518 (-0.1788) 
0. 1198 l 
0.1066 
n I 
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CONCLUSIONS AND RECOMMENQATIONS 
Conclusions 
1. An experimental apparatus was modified for the 
measurement of bubble point pressures 'for binary mixtures of 
methane in paraffinic (n-C1o, n-C2o, n-C2a, n-Ca& and n-C44), 
naphthenic (cyclohexane, and trans-decalin), and aromatic 
(benzene, naphthalene, phenanthrene, and pyrene) solvents at 
temperatures from 311 to 433 K and pressures to 113 bar. The 
modifications resulted in a number of improvements including: 
improved mixing, reduced dead volume, and improved procedures 
for cleaning and degassing. The apparatus works well; the 
short equilibration time .indicates good mixing and low dead 
volume in the cell. Reconstruction of the apparatus has also 
simplified the necessary maintenance. 
2. Comparisons of data generated by the apparatus on 
test systems for which data are available in the literature 
are very favorable. The bubble point pressure measurements 
are believed to have an imprecision of no more than 0.4 bar 
for methane + n-paraffins and methane + naphthenes, and 0.9 
bar for methane + aromatics. Instrumental and internal 
consistency tests performed on the data indicate ~ high 
degree of experimental consistency. 
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3. Data obtained 1n this study and data found in the 
literature for binary mixtures of methane 1n paraffin1c, 
naphthenic, and aromatic solvents were analyzed using the 
Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) equat1ons of 
state (EOS). Interaction parameters for the SRK and PR EOS, 
based on the new data, were obta1ned. The SRK and PR EOS, 
with a single interaction parameter, C;j, for each binary 
system, were found to represent the' acquired binary data for 
methane + naphthen1c and methane + aromat1c solvents w1th1n 
0.002 mole fraction. The EOS prediet1on capability was 
improved further py employ1ng a second interact1on parameter, 
O;j. For methane +.n-paraffins, the SRK and PR EOS require 
two interaction parameters, Cij and O;j, for each lSOtherm to 
' ' 
predict the exper1mental solubil1ty data w1th1n 0.002. The 
optimized 1nteraction 6a~a~eter; C;j, (setting 0;~ = 0.0) 
tends to assume higher values at higher temperatures.and 
higher molecular weight 9f ~he solvent. 
4. The data (new data and data ava1lable 1n the 
literature) were analyzed us1ng th• Krlchev~ky-Kasarnovsky 
(KK) equation to provide estimates for the Henry's constants 
and the 1nfin1te-dilut1on partial molar volumes of methane in 
solvents having 1nsignificant vapor pressures at the 
exper1mental temperatures (and to test the internal 
consistency of the data). Solub1lity predictions w1th 
average errors less than 0.001 in mole fract1on were obtained 
by employ1ng the KK equation. Wh1le the Henry's constants 
obtained from the KK analyses are bel1eved accurate with1n a 
205 
few percent, the partial molar volumes may not be as 
accurate (uncerta1nty may reach' 60% of the regressed volume). 
5. Generalized expressions for the b1nary 1nteract1on 
parameter C;j, have been developed in terms of the solvent 
acentr1c factor and temperature. Both temperature-dependent 
and temperature-independent generalized expressions are 
obtained for the interact1on parameters. The quality of 
the predictions obtained using such correlations is dependent 
on the complexity of the generalizat1on scheme employed. 
Recommenda1;:.ions 
1. Regarding the experimental apparatus, it is 
recommended that al, 1 "HIP" valves and connect1ons be replaced 
by "Autoclave" valves since the latter have been found to be 
more durable and need less maintenance. The old cell holder 
inside the oven needs to be removed to prov1de more work1ng 
space for the rock1ng cell. ·This w1ll also prov1de more room 
for a better p1vot1ng assembly of the equ1libr1um cell. 
2. Further studies should be conducted on methane + 
naphthenic solvents with higher molecular we1ghts (e.g., 
cyclopentane, tetralin) as-well as on methane + mixed 
solvents contain1ng both suffic1ent naphthen1c and aromat1c 
components wh1ch are typical con~t1tuents of coal flu1ds. 
Systems involving m1xed solvents will s1mulate more 
realistically methane/hydrocaibons 1nteract1ons encountered 
1n the actual coal liquefaction processes. S1m1lar 
experimental stud1es involving other solutes encountered in 
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coal l1quefaction processes (e.g., n1trogen, carbon monox1de, 
etc ... ) are needed to complement the existing data base on 
C02, ethane, and methane systems. 
3. The generalization procedure, employed 1n th1s study 
for the SRK and PR EOS, 1 s recommended to be app 1 1 'ed 1 n a 
parallel fashion for some semi-empirical EOS (e.g., the 
s1mplified perturbed hard chain equation of state) so that 
the performance of different groups of equat1ons of state 
could be compared and the relative mer1ts of one equat1on 
over the other could be explored. 
LITERATURE CITED** 
1. Wichterle, I; L1nek, J.; Hala, E., 'vapor-LlqUld 
Equ1librium Data Bibliography, Elsev1er, New York (1973, 
1976, 1979, 1982, 1985). ' 
2. Ohe, S., Vapor-Llquid Equllibrium Data at Hlgh Pressure, 
Elsevier, Japan (1990). 
3. Mohindra, s., M.S. T~esis, Univers1ty of Oklahoma, 
Norman, Oklahoma (1987). 
4. Fornar1, P. E.; Alessi, P~; Kiki, I., Flu1d Phase 
Equilibria', 5,7, 1-33 (1990). 
5. Hala, E.; Pick, J.; Fried, V.·; V1l1m, 0., Vapor-LlqUld 
Equilibr1um, Pergamon Press (1967). 
6. Malone, P. V.; Kobayashi, R'., Fluid Phase Equilibria, 
55, 193-205 (1990): 
7. Eubank, P. T.; Hall, K. R., 2nd Int. Conference on Phase 
Equilibria and Flu1d Properties in Chemical Industry, 
Dechema, Frankfurt, Part II, 675 (1980). 
8. Richon, D.; Renon, H., Fluid Phase Equ1libr1a, 14, 
235-243 ( 1983). ' 
9. Gomez-Nieto, I.; Thodos, M., Chern. Eng. -Scl., 33, 
189-195 (1978). 
10. Radosz, M., Supercr1tical Flu1d Technology, Elsev1er, 
Amsterdam, 179 (1985). 
11 . S i mn i ck, J . J . ; Lawson,, C. C. ; Lin, H. -M. ; Chao, K. c. , 
AIChE J., 23, 469-476 (1977). 
12. A 1-Sahhaf, T. A. ; K 1 dnay, A. J. ; S 1 oan, E. D. , Ind. En,g. 
Chern. Fundam., 22, 372-380 (f983). 
13. Kim, c. H.; Vimalchand, P.; Donohue, M. D., Flu1d Phase 
Equ1libria, 31, 299-311 (1986). 
** References of chapters VI, VII, VIII, and IX are not 





14. Parr1sh, W. R.; Sitton, D. M., J. Chern. Eng. Data, 27, 
303-306 ( 1982). 
15. Occh1ogrosso, R.; Igel, J. T.; McHugh, M.A., Flu1d 
Phase Equ1libr1a, 26, 165-179 (1986). 
16. Huang, s. s.; Leu, A. D.; Ng, H. J.; Rob1nson, D. B., 
Flu1d Phase Equ1libr1a, 19, 21-32 (1985). 
17. Malanowski, S., Fiu1d Phase Equ1libr1a, 9, 311-311 
(1982). 
18. Gasem, K. A.M., Ph.D. Dissertat1on, Oklahoma State 
University, Stillwater, OK (1986). 
19. Raff, A.M., M.S. Thes1s, Oklahoma State Un1yers1ty, 
Stillwater, OK (1989). 
20. Lin, H. -M. ; Sebastian, H. M. ; S i mn 1 ck, . J. J. ; 
Chao, K. c., J. Chern. Eng. Data, 24, 146-149 (1979). 
21. Beaudoin, J. M.; Kohn, J.P., J .. Chern. Eng. Data, 12, 
189-191 ( 196 7) . 
22. Reamer H. H.; Olds, R. H.; Sage, B. H.; Lacey, W. N., 
Ind. Eng. Chern., 34, 1526-31 (1942). 
23. Lavender, H. M.; Sage, B. H.; Lacey, W. N., The 011 and 
Gas Journal, 46-49, July ( 1940). · 
24. Huang, s. H . ; Lin, H. -M. ; Chao, K. c. ' J. Chern. Eng. 
Data, 33, 145-147 (1988). 
25. Huang, s~ H . ; Lin, H. -M. ; Chao, K. c. ' J. Chern. Eng. 
Data, 33, 143-145 (1988). 
26. Tsa1, F.-N.·; Huang, S. H.; L1n, H.-M.; Chao, K. C., J. 
Chern. Eng. Data, 32, 467-469 (1987). 
27. Schoch, E. D.~ Hoffmann, A. E.; Mayf1eld, F. D., Ind. 
Eng. Chern., 32, 1351~1353 (1940). 
28. Sage, B. H.; Webester, D. c.; Lacey, W. N., Ind. Eng. 
Chern., 28, 1045-1047 (1936). 
29. Reamer, H. H; Sag~. B. H.; Lacey, w. N., Ind. Eng. 
Chern. (Chem1cal and Eng1neer1ng Data Ser1es), 3, 
240-245 ( 1958). 
30. Lin, H.-M.; Sebast1an, H. M.; S1mn1ck, J. J.; Chao, K. 
c., J. Chern. Eng. Data, 24, 146-149 (1979). 
209 
31. Schoch, E. P.; Hoffman, A. E.; Kasper1k, A. S.; 
Lightfoot, J. H.; Mayf1eld, F. D., Ind. Eng. Chern. 32, 
788-791 (1940). 
32. Sage, B. H.; Webester, D. C.; Lacey, W. N., Ind. Eng. 
Chern., 28, 1045-1047 (1936). 
33. Elbishlaw1, M.; Spencer, J. R., Ind. Eng. Chern. 43, 
1811-1815- ( 1951). 
34. Legret, D.; Richon, D.; Renbn,· H.,, J. Chern. Eng. Data, 
27, 165-169 (1982). 
35. Malone, P.V.; Kobayashi, R., Fluid Phase Equilibr1a, 55, 
' ' 193-205 (1990). 
36. Van Ness, H. C.; Abbott, M. M., "Class1cal 
Thermodynam1cs of Nonelectrolyte. Solut1ons w1th 
Applicat1ons to Phase Equ1libria"; McGraw-H11l, New York 
( 1982) . 
37. Prausn1tz, J. M., "Molecular Thermodynamics of Flu1d 
Phase Equilibria", Prentice~Hall, Englewood Cliffs, N.J. 
(1969). 
38. Prausnitz, J. M.; Anderson, T.; Grens, E.; Ecke-rt, C.; 
Hsieh, R.; O'Connel, J. P., "Computer Calculat1ons for 
Multicomponent Vapor-Liquid and Liquid-Liqu1d 
Equilibria", Prentice-Hall~ Englewood Cliffs, N.J. 
( 1 980) . 
39. Chao, K. C.; Robinson, .R. L., Jr., (Editors), "Equations 
of State 1n Engineer1ng and Research", Amer1can Chem1cal 
Society, Wash1ngton, DC (1979). 
40. Chao, K. C.; Robinson, R. L., Jr., (Ed1tors), "Equat1ons 
of State, Theor1es and.·Appllcations", Amer1can Chemical 
Soc1ety, Wash1ngton, DC.f1986). 
41. Chao, K. C.; Greenkorn, R. A., "Thermodynamics of 
Flu1ds", Dekker, New York (1975). 
42. Wa 1 as, S. M. , " Phase Equ i 1 i br1 a 1 n Chem1 ca 1 
Engineer1ng", Butterworth Publishers, Southestone, M.A. 
( 1 985 ) . 
43. Soave, G., Chern. Eng. Sci. 27, 1197-1203 (1972). 
44. Peng, Y. D.; Rob1nson, D. B., Ind. Eng. Chern. Fundam. 
15, 59-64 (1976). ' 
45. Turek, E. A.; Metcalf, R. S.; Yarborough, L.; Robinson, 
R. L., Jr., Soc. Pet. Eng. J., June, 308-324 (1984). 
210 
46. Barr1ck, M. w., M.S. Thes1s, Oklahoma State Univers1ty, 
Stillwater, Oklahoma (1985). 
47. Anderson, J. M., M.S. Thes1s, Oklahoma State Un1vers1ty, 
Stillwater, Oklahoma (1985). 
48. Buffkin, B. A., M.S. Thes1s, Oklahoma State Un~vers1ty, 
Stillwater, Oklahoma (1986). 
49. Ross, c. H., M.S. Report, Oklahoma State Un1vers1ty, 
Stillwater, Oklahoma (1987). 
50. Aim, K., Fluid Phase,Equillbr1a 2, 119-129 (1978). 
51. Robinson, R. L., Jr., Personal Commun1cat1on, Oklahoma 
State Univers1ty, Stillwater, Oklahoma (1989). 
52. Kobotake, Y.; Heldebrand, J. H., J. Phys. Chern., 65, 
~ 331-336 ( 1961). 
53. Sievers, U.; Schulz, s., F~~ld Phase Equillbria, 5, 
35-54 ( 1980). 
54. Schamp, H. W~, Jr.; Mason, E. A.; R1chardson~ A. C.; 
Altman, A., The Phys1cs of Flu1ds, f, 329-337 {1958). 
55. Goodwin, R. D'., "The Thermophys1cal Properties of 
Methane From 90 t9 500 Kat Pressures to 700 Bars", NBS 
Technical Note 653, 22 (1974). 
56. Old, R. H.; Reamer, H. H.; Sage, B. H.; Lacey, W. N., 
Ind. Eng. Chern., 3,5 ,- 922-924 ( 1943). 
57. Neindre, B. L.; Vodar B., (Eq1tors); " Exper1mental 
·Thermodynam1cs", VoL II, Butterworths, London (1975). 
58. Wolberg, J. R.-, "Pred1ct1on Analys1s", D. Van Nostrand 
Company, Inc., Pr1nceton, ~e~ Jersey (1967). 
59. Gupta, M. K.; Li, Y. H.; Hulsey, B. J.; Rob1nson, R. L., 
Jr., J. Chern. Eng. Data~ 27, 55-60 (1982). 
a) Bubble po1nt pressure measurements; 
b) Phase compos1tion measurements. 
60. Goodwin, R. D.; Haynes w. M., "Thermophus1cal Propert1es 
of Propane from 85 to 700 Kat Pressures to 70 MPa", 
Nat. Bur. Stand. Monog., 170 (1980). 
61. ASHRAE Handbook 1981 Fundamentals, Amer1can Soc1ety of 
Heating, Refrigerat1ng, and Air-condit1on1ng Eng1neers, 
Inc., Atlanta, Ga. (1981). 
62. Ambrose, D.; Counsell, F. D.; Davenport, A. J., J. Chern. 
Thermody., 2, 283-291 (1970). 
211 
63. "Lange's Handbook of Chem1stry", 12th Ed1t1on, Dean, J. 
D., (Edltor), McGraw-Hlll Book Company, New York, 
(1979). 
64. Flory, P. J.; Orwoll, R. A.; Vr1j, A., J. Am. Chem. 
Soc., 86, 3507-3515 (1964). 
65. API Research Project 44, Selected Values of Properties 
of Hydrocarbons and Related Compounds. Thermodynam1c 
Research Center, Texas A&M College, College Stat1on, 
Texas, October (1972). 
66. Gurevich, B. S.; Bednov, V. M., "Temperature Var1at1on 
of the Density and Viscosity of Aromat1c Substances.", 





ANALYSIS OF EXPERIMENTAL ERRORS 
Exper1mental measurements usually are vulnerable to two 
kinds of experimental errors: systemat1c'and random. 
Systemat1c erro~s are attribut~d to an inherent bias in the 
procedure used wh1ch results 1n a consistent dev1at1on of the 
measured var1ables from the1r true values. Systemat1c 
errors, therefore, affect directly the accuracy of the 
experiment. Random errors, on the other hand, are assumed to 
result from unavoidable small disturbances of the 
experimental cond1tions and thus have a direct 1nfl'uence on 
the precis1on of the experiment. Precision 1n this context 
refers to the reproducibility of the observable under 
"1dent1cal" exper1mental conditions. 
Systematic Errors 
Systemat1c errors arise from many sources includ1ng 
[57]: bias 1n the experimental and/or computat1onal 
procedures, 1nherent assumptions 1n process1ng the-data, 
uncerta1nties 1n anc1llary input data taken from other works, 
possible sens1tiv1ty or resolution in the measurements and 
many other causes. When an 1ndicat1on of systematic error 
exists, 1t is imperative to identify and eliminate the cause. 
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Exper1ence is an 1mportant factor 1n deal1ng w1th systemat1c 
errors; however, systemat1c procedures are needed to test 
regularly for the presence of such errors. Toward this end, 
three test procedures were employed to guard aga1nst probable 
systemat1c errors as follow: 
Instrumental Consistency Tests 
These tests include: frequent calibrat1on of pressure 
gauges against a dead weight tester.as descr1bed previously 
1n Chap~er IV, frequent calibrat1on of temperature measur1ng 
elements by conduct1ng water 1ce-po1nt and bo1l1ng-po1nt 
tests, and calibrat1on of the volumetric screw pumps (the gas 
pump and the hydrocarbon lnJection pump) against each other. 
External Beproducibility Tests 
The objective of these tests 1s to ver1fy d1rectly the 
accuracy of the exper1mental· procedure by compar1ng the 
results obtained using the present apparatus w1th those of 
other 1nvest1gators at the same (or s1milar) exper1mental 
cond1tions. Toward this end, two k1nds of reproduc1bil1ty 
tests (on systems for wh1ch literature data are abundant)-
were conducted: vapor pressure measurement~ of selected pure 
materials, and bubble po1nt pressure measurements for 
selected b1nary systems. 
Representative vapor pressure measurements of pure 
propane, ammonia, benzene and cyclohexane are g1ven 1n Table 
A-1, along w1th the reported literature values. The measured 
vapor pressures of this work and the reported l1terature 
values agree w1thin 1 psia over the whole pressure range 
(maximum estimated uncertainty in our vapor pressure 
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measurements is 0.5 ps1a). The slight d1fferences ~xh1b1ted 
may be attributed to differences in the pur1ty of the 
materials used in the d1fferent .,·nv.est1gations. 
Bubble point pressure meas~rem~nts were conducted on two 
test b1nary systems: C02 + benzene and C02 + n-hexatr1acon-
tane (n-Cas ). The choice of C02 + benzene was d1ctated 
ma1nly by the abundance. of l1terature data on· th1s system, 
whereas the secon~ system (C02 ~ n-Cas), (besides the 
available literature da~a) was' ~hosen as a test system 
because it is typical of most of the solvents encountered 1n 
this study, (i.e., ~olid at room'temperature). Data on the~e 
two test systems are pres~nted .in Table A-2. compar1sons of 
our results for these two test systems with those reported by 
·' 
various invest1gators, are sh?Wn in F1gures A-1 and A-2. The 
comparisons are shown in terms of,deviat1ons of the 
solub1 1 ities from values ,pred1cted .using the Soave:-Redl 1ch-
Kwong (SRK) [43] equation of' state (EOS). For C02 + n-Cas 
system, 1nteraction parameters employed 1n the EOS pred1ct1on 
' ' ' 
were obta1ned by mini~iz1ng the s~m of squares ~f pressure 
deviat1on from the experimental values of th1s work, whereas 
for C02 +benzene system:interact1on parameters used in the 
EOS prediction are those fitt1ng Gupta's data [59] because of 
the wider pressure range covered. Deta1led procedyre for 
data reduction is g1ven by Gasem [18]. The quality of our 
data for bo~h systems are the same as those of other 
1nvest1gators [18,19,26,47,59] as revealed by F1gures A-1, 
A-2, and A-3. 
Self-Consistency Test 
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The object1ve here is to check for the cons1st~ncy of the 
data collected on the same apparatus at different 
experimental conditions. In such- tests, the pressure-to-mole 
fract1on rat1o, (P-P0 )/XCH4, 1s plotted aga1nst CH4 mole 
fraction, therefore; any 1nherent pressure errors are 
magn1f1ed by the rec1procal of the mole fraction, which, 
comb1ned with the fact that plots of P/x aga1nst x are often 
nearly linear, fac1litates ident1fication of erroneous runs. 
Another reason this test works so well 1s that the (P-P0 )/ 
xcH4 values cover a range· less than P. The amount of scatter 
in such a plot is 1nd1cat1ve of the prec1s1on of the data 
analyzed, and the quality of variat1on of (P-P0 )/XcH4 w1th 
XcH4 among d1fferent isotherms 1s a reflect1on on the 
accuracy of the data obta1ned. A typ1cal (P-P0 )/XcH4 plot 
appears 1n F1gure A-3. 
Random Errors 
Random errors result from small unavo1dable d1sturbances 
of the exper1mental cond1t1ons about the1r true values. This 
g1ves r1se to the concept of uncertainty 1n each measurable 
variable. Uncertainty here, wh1ch could be expressed in a 
number of d1fferent ways [57], des1gnates an 1nterval around 
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the measured value of the var1able wh1ch accommodates the 
true value of that var1able. Due to the1r random nature, 
random errors lend themselves to statist1cal analys1s. In 
general, for any observable "Y" that depends on the measured, 
independent var1ables X1, X2, •.. ,~n· accord~ng to the 
funct1onal relat1on: 
Y = f ( X 1 , X2 , . . . , Xn ) 
the expected variance'(a2v) 1s g1ven by [58]: 
(av )2 = ( ~Y/bX1 )2 (aX1 )2 +· (bYI6X2 )2,(ax2 )2 + •.• + 
(A-1) 
(6Y I bXn-)2 (ax n )2 ( A-2) 
where ( aX1 )2 , (.ax 2 )2 , ... ' (axn)2 are the variances in the 
input measured variables X1, X2, •.• ,Xn. If the var1able "Y" 
is also measurable, the instrume.ntal error "ev" must be 
included into Equation A-2 to give equation A-3 below [18]: 
(av )2 = (aYI~X1 )2 (0X1 )2 + (';)y/dX2 )2 (ax2 )2 + ••• + 
(2>YI~Xn)2(axn,)2 + (ev)2 {A-3) 
Expected Uncertainty in Mole Fraction 
Mole fraction 1s a computed var1ab·le def1ned as: 
' < 
x; = n; I ( !n; ) ' (A-4) 
where x; and n; are the mole fract1on and number of moles of 
species ''i", respect1vely, and the sum is over all spec1es 
present in the mixture. For a binary mixture this becomes: 
218 
(A-5) 
substitut1ng for n1 and n2 in terms of molar density and 
injected volumes for the solute (1) and the solvent (2) we 
get: 
X1 = (A-6) 
where the sum now i~ over the number of gas inject1ons which 
produces the mole fraction x1 . For an average 'of three 
1njections of the gas done under the same cond1t1ons of 
temperature and pressure and one 1nject1on of the solvent, 
equation A-6 above becomes : 
X1 = (A-7) 
The uncertainty 1n x1 of equa~1on A-7 in the light of 
equat1on A-2, after s1mple manipulat1ons and arrangements 
becomes: 
(Ox1) 2 = X1 2 (1-X1) 2 [(0f1/j1)2 + (ofz/jz)2 + (OV2/Vz) 2 + 
! ( av 1 i I! v 1 i ) 2 ] ( A- 8 ) ' 
To give an estimate of the uncerta1nty of methane mole 
fraction in each of the different solvents considered 1n th1s 
study, as Equation A-8 suggests, one needs to assume, for a 
certain mole fraction (x1 ), values for: (of1/j1 ), (af2/j2 ), 
(av2/V2) and (av1; ). Conservative assumpt1ons are made for 
these as follows: 
(of, If, ) = 0.0015 
Co f2 I j2 ) = 0.0015 
(OV2 IV2) = 0.0013 
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(Relative uncertainty 1n methane dens1ty) 
(Relat1ve uncerta1nty 1n solvent density) 
(Relative uncerta1nty in solvent volume, 
assuming an uncerta1nty of 0.0075 cc 1n 
hydrocarbon 1njection pump, and 6 cc of 
solvent injection) 
(ov1;) = 0.0075 cc (Uncertainty in gas injection pump) 
To g1ve an estimate of the last term (I(ov,;IIV~1 ), one needs 
the total amount of gas (Iv1;) that produces methane mole 
fraction of ( x1 ) . The tota 1 vo 1 ume of gas· required to give 
a certain mole f~adtion of methane at a certa1n temperature 
' is easily calculated from Equation,A-7. These data are shown 
in Table A-3 along with the computed uncertainty in mole 
fraction (Ox1) from Equation A-8. 
Expected Uncerta.i nty in . Bubble Point Pressure 
Bubble point pressure of a given binary mixture depends 
on the compos1tion and temperature of the m1xture. So, 1n the 
light of Equa~1on A-3, the uncerta1nty in pressure (OP) 1s 
given by: 
.(A-9) 
Where EP is the instrumental error in pressure measurement, 
Ox1 is the uncertainty in methane mole fraction and Or lS the 
uncertainty 1n temperature measurement. Typ1cal conservat1ve 
values for EP and or are 0.5 psia and 0.1°C respectively. 
However, there is still one source of variability that 
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affects bubble po1nt pressure measurement wh1ch 1s not 
accounted for by Equation A-9, that is uncerta1nty attr1buted 
to the procedure used in determ1n1ng the bubble po1nt 
pressure. To quantify this uncertainty, repeated bubble 
po1nt pressure measurements were made on each of several 
fluid m1xtures at f1xed temp~rature and compos1t1on. Th1s 
was done by repeating the pressure-volume transvers several 
times and comparing the pressures at wh1ch the break 
occurred. The procedural uncerta1nty was found to depend on 
the pressure level of the m1xture as shown 1n Table A-4. 
This dependency could be expressed as follows: 
EP = 0.004 P (ps1a) (A-10) 
Equat1on A-10 includes both the'prime and the procedural 
error but not the propagated errbr due to uncertainty 1n mole 
fraction. To account for such a contrib~t1on Equat1ons A-9 
and A-10 are combined to give the expected error 1n the 
bubble po1nt pressure as follows: 
OP = [(0.004 P)2 + (oP/dX1 )2 (Ox1)2)1/2 ( A-11 ) 
The temperature contribut1on to the uncertainty of pressure, 
being of the order of·o.1 psia, has been neglected. 
To est1mate the uncerta1nty- in pressure from Equat1on 
A-11, one needs values of the rate of change of pressure w1th 
respect to mole fraction (jP/ax1 ) at the same mole fract1on 
levels at which values of ax1 were estimated. Th1s was 
achieved by employ1ng a third order polynom1al fit of P-x 
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data at the spec1fied 1sotherm of each system. The slopes 
thus obta1ned are presented in Table A-5. Subst1tut1ng 1nto 
Equation A-11 for (~P/~x1) from Table A-5, Ox1 from Table A-3 
and P that corresponds to x1 for each system, we get the 
final uncertainty-~stimates for bubble point pressures 
appearing 1n Table A-5. 
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Table A-1 
Vapor Pressure Measurements 
Material Temperature Vapor Pressure, ps1a Ref. No. 
(O_F) Experimental Literature 
Propane 122.0 249.2 249.4 60 
Ammonia 116.3 270.0 271.5 61 
Ammonia 125.3 308.3 309.3 61 
Ammonia 161 . 3 500.6 501.1 61 
Benzene 302.0 85.0 84.9· 62 
Cyclohexane 196.5 20.7 20.0 63 
Cyclohexane 267.4 54.2 53.5 63 
Table A-2 
Solubil1ty Data for Carbon Dioxide+ Benzene 
and Carbon Dioxide + n-Hexatr1acontane 
Mole Fract1on Bubble Point Pressure 
Carbon Diox1de bar (ps1a) 
C02 + Benzene at 313.2 K ( 40. 0°C' 104. oo F) 
0.099 12.6 ( 183) 
0.207 24.8 ( 359) 
0.267 30.8 ( 446) 
0.364 39~6 ( 574) 
C02 + n-Hexatriacontane at .373. 2 K ( 100. ooc, 212.0° F) 
0.067 6.3 ( 91 ) 
0.144 12.9 ( 187) 
0.255 25.6 ( 372) 
0.336 37.2 ( 539) 




Typical Volumes of Methane InJected to Yield the Average Mole 
Fract1on of the Correspond1ng Isotherm, Along w1th the 
Uncertainty in Mole F~action as Computed 
from Equation (A-8) 
Solvent Temp. (oF) , Vol. (V), cc oV/V Ox 1 (Eq. A-8) 
n-Decane 220 2.8 0.00~7 0.0007 
n-Eicosane 212 1.5 0.0050 0.0012 
n-Octacosane 212 1.2 0.0061 0.0014 
n-Hexatriacon- 212 1.3 0.0058 0.0013 
tane 
n-Tetratetra- 212 0.9' 0.0081 0.0018 
contane 
Benzene -212 6.5 0.0012 0.0004 
Cyclohexane 212 5. 3, 0.0014· 0.0005 
t-Decal1n 212 3.8 0.0020 0.0005 
Naphthalene 212 2.3 0.0033 0.0004 
Phenanthrene 230 1.8 0.0041 0.0005 
Pyrene 32·0 1.7 0.0044 0.0006 
Table A-4 
Reproducibility of the Bubble Point Determinat1on 
Pressure Range (psia) Reproduc1bil1ty (psia) 
0- 250 0.6 
250- 500 1.7 
500- 750 2.7 
750- 1000 3.5 
1000-1600 5.0 
Table A-5 
Uncerta1nty in Bubble Pdint Pressure of Methane B1nary 
Systems Est1mate~ at the A~erage Compo~~tion of the 
Corresponding ·Isotherm 
Solvent Temp., OF (?JP/ dX1 ) , psi a Ox 1 OP, psi a 
(Eq. A-11) 
n-Decane 220 4.8, 103 0.0007 4 
n-E1cosane 212 3.9 103 0.0012 5 
n-Octacosane 212 3.4 1-03 0.0014 5 
n-Hexatrlacon- 212 3. 1 103 0.0013 4 
tane 
n-Tratetra- 212 2.6 103 0.0018 5 
contane 
Benzene 212 8.0 103 0.0004 5 
Cyclohexane 212 5.7 103 0.0005 4 
t-Decalln 212 6.8 1 0~' 0.0005 5 
Naphthalene 212 1.3 1 O" 0.0004 7 
Phenanthrene 230 1.7 104 0.0005 10 
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Bubble Point Pressure Data for Carbon Dioxide+ n-Hexatriacontane at 212 F 
APPEN.DIX B 
Table B-.1 
DENSITIES OF SOLVENTS USEQ ·IN THIS STUDY 
Solvent Temperature (oF) Density (g/cc) Reference 
n-C1o 100 0.7167 64 
160 0.6908 64 
··220 .0.6669 64 
280 0.6407 64 
n-C2o 122 0.7693 64 
212 0.7347 64 
302 0.704 64 
n-C2s 167 0.7716 64 
212 0.7555 64 
302 0.7235 64 
n-C3& 212 0.7666 64 
302 0.7357 64 
n-C44 212 0.776 64 
302 0.745 64 
Cyclohexane 122 0.7362 65 
212 0.6956 65 
·302 0.6474 65 
t-Deca 11 n 122 0.8450 65 
212 0.8124 65 
302 0.7865 65 
Benzene 122 0.8469 65 
212 0.7907 65 
302 0.7295 65 
Naphthalene 212 0.9628 66 
302 0.9219 66 
Phenanthrene 230 1 . 0613 66 
302 1 • 0326 66 
Pyrene 320 1 • 1065 46 
229 
APPENDIX C 
UNCERTAINTY IN METHANE-DENSITY 
The methane density, as·well as the uncertainty 1n the 
gas density, depends on the temperature and pressure of the 
gas. In this study all of meth_ane gas inject1ons were done 
at 50°C leaving us with the freedom to choose the lnJection 
I 
pressure in the gas pump. A pressure range (lf any) over 
which the uncertainty of gas dens1ty 1s high should be 
avoided since this uncertainty, w.111 reflect 1tself in the 
uncertainty of the calculated mole fractions. Th1s appendlx 
presents the necessary calculat1ons for such an analyses. 
The uncertainty in dens1ty of methane, as g1ven by error 
propagation formula, 1s 
where 
is the uncertainty in methane dens1ty 
is the uncertainty in pressure 
1s the uncerta1nty in temperature 
( C-1) 
The partial derivatives and the qens1ty are calculated 
from Bender's equat1on of state for methane 
P = RT j + B f2 + C fa + 0 f" + E fs + F r + 




where P and T are pressure and temperature, f is the dens1ty 
and R the un1versal gas constant. B, C,·D, E, F, G, and H 
are functions of temperature [see ref. 20 in Chapter VI]. 
From Eq. C-2 we get by direct differentiating: 
( ~P/ ~fh = RT + 2Bf + 3Cr ,+ 4Df +, 5Ef4 + 6Ff5 + 
(3Gf2 + 5Hf4 )exp(-azo f2 ) + 
(G + Hf2) r~exp(-azo f2 )(-2azo f> (C-3) 
(dP/'oT )y = Rf + BPf2 + CPf + OPf4 + EP r + fP r + 
(GP + HP pz )exp{-azo r) f 3 lC-4) 
noting that the "-P" indicates diff,~rent1ating with respect to 
temperature and that 
(of/dPh = 1/(oP/Ofh 
(Clf/dT )p = -(~P/dT )p' ( Of/dP)T 
and substituting into Eq. C-1 we get an expression for the 
uncerta1nty in dens1ty wh1ch could be calculated for each 
selected pressure. The uncertainty 1n methane dens1ty 1s 
. ' 
calculated at 50°C, as described above, for pressures to 1500 




































Percentage Uncertainty in Methane Density at 50 C 
APPENDIX 0 
PRESSURE CORRECTIONS 
Pressures 1nd1cated by the pressure trans~ucers, PT1 and 
PT2 (see Figure 0-1) must be corrected for mercury head 1n 
the lines and for drift effects which could be accounted for 
by frequent calibration of the pressure transducers. 
Calibration of PT1 is usually done using a dead-welght gauge. 
PT2 is then cal1brated against. PT1. The result of a 
cal1brat1on procedure (details, are given 1n Chapter V) 1s a 
table containing corrections for the observed pressures of 
PT1 (shown in Table 0-1) and a calibration sheet present1ng 
the correspondence b~tween the pressure readings conveyed by 
PT1 and PT2. 
Pressures indicated by PT1 
To find the true pressure corresponding to the observed 
one indicated by PT1, the proper correct1on, com1ng from the 
correction table (Table 0-1) is merely added to the observed 
pressure. 
True Bubble Point 
The true bubble point pressure of the binary m1xture 1n 
the equil1bri~m cell (EC) is found as follows: 
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1. The observed bubble po1nt pressure 1s read from a 
plot of pressure versus injected volume. 
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2. The observed pressure 1s corrected by adding the 
correspond1ng correction obta1ned from the correct1on 
table. 
3. The mercury head from equilibrium cell (EC) to PT1, 
which 1s 53.3.cm Hg (10.3 ps1a) as shown 1n Figure 
D-1, is subtracted from the result of step 2 above. 
True Gas Pressure 
Calibration of pressure transducer PT2 1s usually done 
by cross calibration with PT1 throu~h a gas-mercury 1nterface 
(GMI). To find the true pressure 1n the gas pump (GP) the 
follow1ng action is taken: 
1. The observed gas pressure is taken from the· PT2 
readout. 
2. From the calibration sheet. interpolate to find the 
correspond1ng pressure of PT1. 
3. The mercury head in the gas-mercury interface is suo-
tracted from pressure value of step 2 above. 
4. The pressure thus obta1ned 1s corrected by add1ng the 









D D1gital Readout 
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Simplif1ed Diagram Showing Necessary Correct1ons 
to Pressure Read1ngs 
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Table D-1 
Typ1cal Calibrat1on borrect16ns for the 
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* (Trans. Corr.) =(D. w. Press.)+ Pa- (Trans. Corr.) 
where Pa 1s the atmospheric pressure at c~l1brat1on 
condition (14.23 ~s1a). 
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